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ABSTRACT 


The  primary  tasks  addressed  were;  I)  The  design  and  development  of 
durable  hub-to-rotor  attachments  and  the  balancing  and  vibrational  analysis 
of  the  resulting  hub-rotor  systems.  II)  Measuring  and  analyzing  the 
strength  distributions  and  durabilities  of  different  types  of  plywood  and 
of  hub-rotor  systems.  In  accomplishing  these  tasks,  a  new  metal  lie-hub  to 
cellulosic-rotor  bonding  attachment  was  designed  which  utilizes  a  flexible 
scalloped  metal -band  in  lieu  of  the  traditional  elastomeric  layers  to 
accommodate  the  differential  strain  between  rotor  and  hub.  With  the 
objective  of  eliminating  the  need  for  adding  or  removing  mass  to  balance 
rotors,  a  self-centering  dynamic  balancer  was  designed  to  automatically 
locate  the  inertial  axis  of  a  rotor.  Attaching  the  hubs  and  shafts  concen¬ 
tric  and  parallel  with  the  inertial  axis  will  accomplish  the  balancing  of 
the  rotor  during  assembly.  In  analyzing  rotor  vibrations,  a  nondimensional 
design  parameter  was  derived  which  correlates  the  support  flexibility 
required  to  the  useable  strength  and  length  of  the  rotor  for  a  useful 
operating  range  above  the  transverse  critical  frequency.  The  tensile 
strengths  of  conventional  Finnish  birch  plywood  were  measured  in  three 
directions  using  material  equilibrated  at  50%  relative  humidity  and  vacuum- 
dried  material.  Similar  measurements  of  custom-made,  hexagonal,  yellow 
birch  plywood  showed  double  the  mid-ply  strengths.  The  standard  deviation 
of  the  measured  strengths  and  the  drop  in  mean  strength  with  vacuum  drying 
were  both  on  the  order  of  10%.  High  resolution  (0.01%)  microprocessor 
data  acquisition  equipment  was  assembled  to  monitor  tensile  tests.  Digital 
circuitry  was  designed  to  monitor  the  acoustic  emission  energy  with  65  dB 
S/N  ratio.  Cyclic  tensile  fatigue  test  equipment  was  modified  for  the 
fatigue  testing  of  plywood  samples.  A  dynamic  cyclic  fatigue  apparatus 


capable  of  simultaneously  driving  two  rotors  in  separate  vacuum  containers 
at  10  kW  was  designed.  A  pseudodynamic  hub-rotor  fatigue  tester  was  designed 
and  built  from  existing  flexural  fatigue  testing  apparatus. 
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SUMMARY 


This  program  focused  on  the  assembly  factors  and  design  parameters 
required  to  develop  low  cost  flywheel  energy  storage  systems  utilizing 
cellulosic  materials.  The  primary  tasks  addressed  were: 

I.  The  design  and  development  of  durable  hub-to-rotor  attachments  and 
the  balancing  and  vibrational  analysis  of  the  resulting  hub-rotor 
systems . 

II.  Measuring  and  analyzing  the  strength  distributions  and  durabilities 
of  different  types  of  plywoods  and  of  hub-rotor  systems. 

The  activities  and  accomplishments  during  this  program  are  summarized  as 
follows : 

A  new  design  for  a  hub-to-rotor  interface  was  developed  which  basical¬ 
ly  consists  of  a  flexible  scalloped  metal  band  mounted  on  the  stepped  end 
of  a  plywood  rotor.  By  appropriately  stepping  the  rotor  ends  with  plywood 
disks  of  different  diameters,  it  is  possible  to  approximate  a  constant 
stress  rotor  with  a  minimum  of  material  wastage.  A  scalloped  flexible 
metal -band  wrapped  around  and  bonded  to  both  the  hub  and  last  (outermost) 
disk  provides  a  durable  hub-to-rotor  attachment  configuration.  This  config¬ 
uration  is  rigid  in  torque  and  axial  moment,  while  still  providing  the 
radial  flexibility  required  to  accommodate  the  differential  strain  between 
the  cellulose  rotor  and  the  metal  hub. 

Alignment  methods  of  balancing  rotors  were  examined  which  offer  the 
potential  for  replacing  the  conventional  mass  removal -or-additi on  methods. 
Toward  this  end,  a  self-centering  dynamic  balancer  was  designed  to 
automatically  locate  the  inertial  axis  of  the  rotor  and  to  facilitate  the 
attachment  of  the  hubs  and  shafts  parallel  and  concentric  to  that  axis 
while  the  rotor  is  spinning.  The  objective  is  to  enable  any  rotor  with  a 
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pseudoisotropic  core  to  be  balanced  directly  as  it  is  assembled. 

The  fundamental  transverse  vibrations  of  a  rotor  were  analyzed  paramet¬ 
rically  as  functions  of  the  material  properties  and  rotor  dimensions.  A 
nondimensional  design  parameter  was  derived  which  directly  correlates  the 
flexibility  required  in  the  rotor  supports  to  the  length  and  useable 
strength  of  the  rotor  for  a  useful  operating  range  above  the  fundamental 
transverse  critical  frequency.  The  transmissibil ity  of  an  experimental 
rotor  and  support  system  was  measured  as  a  function  of  frequency,  and  the 
critical  transverse  frequency  located. 

A  series  of  tensile  tests  and  density  measurements  were  conducted  to 
evaluate  the  design  intrinsic  specific  energy  (the  ratio  of  tensile 
strength  to  density)  of  commercially  available  birch  plywood.  This  con¬ 
ventional  crossply  material  exhibited  a  fairly  broad  distribution  of 
strengths  with  the  standard  deviations  ranging  from  12%  to  20%.  Vacuum¬ 
drying  plywood  that  had  previously  been  equilibrated  at  50%  relative 
humidity,  resulted  in  a  decrease  in  tensile  strengths  ranging  from  5%  to 
20%  as  had  been  anticipated  from  trends  observed  in  related  literature. 

The  strength  of  vacuum-dried  birch  plywood  at  45°  to  the  plies  was  30.5% 
of  the  average  of  the  strengths  in  the  parallel  and  perpendicular 
directions.  Properties  along  this  45°  direction  to  the  plies  (i.e.,  the 
direction  which  bisects  the  grain  axes  of  the  adjacent  plies)  are  expected 
to  correlate  best  with  spin  tests. 

The  hexagonal  birch  plywood  (0°,  60°,  -60°)  utilized  in  the  plywood 
evaluation  program  was  custom-made  in  a  commercial  plywood  factory. 

When  equilibrated  at  50%  relative  humidity,  this  material  exhibited  a 
specific  intrinsic  energy  of  50  kJ/kg  (6.3  Whr/lb)  in  its  weakest  axis — 
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the  one  that  bisects  adjacent  plies.  This  value  is  double  the  correspond¬ 
ing  value  for  the  conventional  crossply  material;  also,  the  weakest-axis 
vs.  strongest-axis  strength  ratio  for  the  hexagonal  material  is  88%  higher 
than  for  the  crossply.  The  hexagonal  material  exhibited  a  tighter 
frequency-distribution  of  tensile  strength  measurements  than  the  crossply, 
but  this  may  have  been  due  to  the  use  of  clearer  (fewer  blemishes)  veneers. 
In  any  event,  for  these  two  plywood  types,  the  hexagonal  material  displays 
superior  performance  relative  to  flywheel-use  potential,  and  this 
performance  could  be  improved  through  better  manufacturing  control  and 
appropriate  nondestructive  proof  testing. 

A  microprocessor-based  data  acquisition  system  was  assembled  capable 
of  monitoring  the  data  at  several  thousand  points  a  second  with  0.01% 
resolution;  furthermore,  data  can  be  averaged  and  then  recorded  at  several 
hundred  points  a  second.  The  results  would  most  likely  be  numerically 
differentiated  to  examine  the  1%  nonlinearity  that  typically  occurs.  This 
system  was  essentially  available  for  use  at  the  completion  of  the  present 
contract.  In  light  of  that  availability,  a  follow-on  program  has  been 
proposed  for  the  performance  of  high  resolution  tensile  testing  to  measure 
the  nonlinearity  of  the  tensile  load-deformation  curve  and  to  attempt  to 
correlate  the  change  in  elasticity  with  the  long-term  strength. 

It  is  theorized  that  the  acoustic  energy  released  during  tensile  test¬ 
ing  will  correlate  with  the  changes  in  the  elasticity  of  the  sample. 

Hence,  ultrasonic  sensors,  amplifiers  and  analog  recorders  were  acquired 
to  monitor  the  acoustic  emissions  anticipated  through  100  kHz.  High  speed 
digitizing  (12  bit  @  500  kHz)  and  digital  multiplication  and  accumulation 
electronics  were  designed  and  the  parts  ordered  so  that  the  acoustic 
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emission  signal  could  be  accurately  acquired  and  then  squared  and  integrated 
to  give  a  gross  65  dB  signal -to-noise  (S/N)  ratio  in  the  resulting  accumu¬ 
lated  acoustic  emission  energy.  The  energy  in  the  acoustic  emissions  thus 
acquired  can  be  digitally  recorded  along  with  the  load-deformation  data,  and 
the  results  numerically  correlated.  This  acoustic  emissions  test  system  was 
still  undergoing  development  at  the  completion  of  the  present  contract. 
However,  it  is  believed  to  hold  promise  for  advancing  the  state  of  the  art 
of  acoustic  emission  analysis  for  plywood  and  other  materials . 

A  cyclic  eccentrically-driven  tensile-fatigue  machine  was  modified  for 
plywood  tensile  samples,  and  an  environmental  box  built  to  contain  it. 
However,  calibration  studies  revealed  that  the  low  stiffness  of  the  plywood 
samples  lowered  the  resonance  point  of  the  machine  significantly  below  its 
design  operating  point,  the  latter  having  been  established  for  use  with 
metals.  Transmissibilities  significantly  greater  than  unity  were  found, 
indicating  that  the  stress  cycle  depended  on  the  sample  stiffness.  Since 
this  varies  among  samples  as  well  as  during  the  fatigue  test,  the  equipment 
could  not  be  effectively  calibrated  in  the  present  mode  of  operation. 

Future  usability  of  the  machine  is  conditional  on  installing  a  load  cell  to 
monitor  the  stresses  actually  experienced  during  the  test  program. 

A  cyclic  rotary  fatigue  test  apparatus  was  proposed  early  in  the 
program  to  test  two  rotors  simultaneously  under  actual  operating  conditions. 
Detailed  designs  were  made  for  such  an  apparatus  which  would  be  capable  of 
testing  rotors  up  to  1.5  m  (5  ft)  in  diameter  at  a  power  level  of  10  kW 
(13  hp)  over  a  speed  range  of  1800  to  5500  rpm.  However,  the  cost  and 
effort  required  for  the  project  proved  to  be  beyond  the  resources  available. 
The  rotor  fatigue -testing  task  was  therefore  modified  to  test  experimental 


hub-to-rotor  attachments  in  moment  and  torque  simultaneously,  in  a  pseudo¬ 
dynamic  situation.  An  existing  bending  fatigue  machine  was  modified  to 
perform  this  testing  and  is  available  for  use  in  future  programs.  The 
cyclic  rotary  fatigue  testing  concept  is  worthy  of  consideration  for  use  in 
any  future  programs  that  would  involve  the  testing  of  fully  assembled 
rotors  in  late  stages  of  design. 

It  is  anticipated  that  the  drying  rates  of  cellulosic  materials  in  a 
vacuum  will  significantly  affect  the  technical  and  economic  feasibility  of 
using  such  materials  in  flywheel  rotors.  Hence,  preliminary  experiments 
were  made  to  evaluate  the  diffusion  coefficients  for  plywood  rotors.  The 
validity  of  the  equations  used  and  the  appropriate  parameters  for  vacuum 
drying  will  need  to  be  examined  further  in  future  studies. 


xi i i -xi V 


INTRODUCTION 


Solar  energy  systems  require  energy  storage  to  buffer  the  variable 
demand  and  the  fluctuating  availability  of  solar  insolation  and  of  wind. 

High  efficiencies,  durability,  and  low  costs  are  very  important  in  making 
such  energy  storage  systems  economical  to  the  public.  Flywheel  energy 
storage  systems  have  the  potential  for  such  energy  storage  applications  if 
they  can  be  made  cost  effective.  Efforts  have  therefore  been  made  to  imp¬ 
rove  the  performance  and  reduce  the  costs  of  flywheel  energy  storage  systems. 

A.  BACKGROUND 

The  rotor  represents  a  major  fraction  of  the  cost  of  the  system.  In 
1972,  cellulosic  materials  were  recognized  by  D.  W.  Rabenhorst  at  the  Applied 
Physics  Lab,  as  potential  candidates  for  low  cost  flywheel  rotors.  (1)  Later 
reviews  by  the  present  authors  showed  that  these  cellulosic  materials  still 
looked  promising,  so  a  preliminary  research  program  was  initiated  to  develop 
and  test  flywheel  systems  using  cellulosic  rotors.  (2,3)  Spin  tests  of  ply¬ 
wood  disks  by  Rabenhorst  demonstrated  preliminary  technical  feasibility.  (4) 
Tapered  birch  plywood  disks  were  used  as  convenient  cores  around  which  higher 
performance  materials  such  as  Kevlar,  fiberglass  and  steel  hose-wire  were 
wound. 

Further  work  was  done  at  the  University  of  Minnesota  on  developing  ply¬ 
wood  rotors  and  in  conducting  preliminary  studies  of  the  material  properties  of 
plywood  for  such  rotors.  (5)  In  addition  studies  of  the  supports,  dynamics, 
and  controls  were  begun.  A  model  flywheel  demonstration-system  was  built 
using  a  plywood  rotor.  Later,  a  detailed  study  was  made  of  the  economics  of 
assembling  cellulosic  rotors  for  the  Applied  Physics  Lab.  (6)  This  indicated 
that  plywood  rotors  were  marginally  competitive  with  E-glass  or  steel  hose- 
wire  rotors,  primarily  due  to  comparatively  higher  container  costs.  However, 
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of  all  the  materials  examined,  the  so-called  "superpaper"  made  by  highly 
orienting  fibers  during  manufacture  potentially  provides  the  rotor  with  the 
lowest  energy  storage  costs.  Further  studies  were  made  of  the  sensitivity 
of  flywheel  system  economics  to  using  cellulosic  cores  or  rotors,  and  to 
the  container  costs.  (7)  Plywood  or  similar  pseudoisotropic  materials 
definitely  appear  to  be  useful  materials  to  make  cores  around  which  to 
wrap  E-glass  or  steel  hose-wire  while  economically  contributing  to  the 
energy  storage  potential  of  the  rotor.  (8)  "Superpaper"  rotors  appear  even 
more  competitive  at  lower  container  costs. 

To  commercialize  such  cellulosic  rotors,  their  technical  feasibility 
must  be  demonstrated.  Reliable  methods  of  designing,  assembling  and  balancing 
plywood  and  paper  rotors  must  be  developed.  The  strength  and  durability  of 
cellulosic  materials  under  vacuum  conditions  must  also  be  measured  before  they 
can  be  designed  into  this  high  performance  application.  These  material  proper¬ 
ties  control  the  energy  storage  capabilities  of  the  rotors,  and  the  resulting 
storage  economics. 

B.  CURRENT  PROJECT 

To  demonstrate  the  technical  feasibility  of  cellulosic  rotors,  a  pro¬ 
posal  was  made  to  the  Department  of  Energy  to  study  these  areas  as  part  of 
the  overall  Solar  Mechanical  Energy  Storage  Project  work  administered  by  Sandia 
Laboratories.  Two  primary  tasks  were  addressed  in  this  proposal; 

I.  The  design  and  development  of  durable  hub-to-rotor  attachments  and  the 
balancing  and  vibrational  analysis  of  the  resulting  rotor. 

IT.  Measurements  of  the  strength  distribution  and  durability  of  plywood  and 
the  hub-rotor  system. 

These  technical  factors  are  critical  to  the  commercial  feasibility  of 
cellulosic  rotors. 
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A  contract  was  received  from  Sandia  Laboratories  in  August  1978  for  the 
duration  of  one  year.  A  number  of  designs  were  developed,  equipment  built, 
and  measurements  taken  in  the  course  of  performing  the  above  mentioned  tasks. 

The  reasons  for  addressing  the  tasks,  the  methods  and  results  in  performing 
them,  and  the  observations  and  conclusions  that  resulted  are  described  in  the 
following  sections  which  are  organized  according  to  the  primary  tasks  addressed. 

I.  HUB-ROTOR  DEVELOPMENT  AND  BALANCING  METHODS 

The  primary  rotor  configurations  of  interest  (see  Figure  1)  are  the  pure¬ 
ly  cellulosic  rotor  such  as  a  plywood  cylinder,  a  compound  rotor  wound  around 
a  plywood  core,  or  a  wound  rotor  of  superpaper  (such  as  the  kraft-paper  cylind¬ 
rical  rolls  as  they  come  off  a  paper  mill).  The  plywood  cyl indri cal -rotor  is 
readily  constructed  using  commercially  available  Birch  plywood.  This  configu¬ 
ration  was  examined  at  the  University  of  Minnesota  as  it  appeared  to  be  immedi¬ 
ately  marketable  as  cores  for  higher  performance  materials.  It  is  recom¬ 
mended  that  subsequent  studies  examine  conventional  high  performance  kraft  paper 
and  develop  methods  to  manufacture  "superpaper". 

A.  HUB  TO  ROTOR  ATTACHMENT 

The  main  problem  with  bonding  a  flat,  round,  metallic  hub  to  a  cellulosic 
rotor  is  that  the  two  materials  have  different  Young's  moduli.  When  spun  up  to 
operating  speeds,  the  rotor  expands  much  more  than  the  hub  causing  a  large  dif¬ 
ferential  strain  and  shear  stress  in  the  bonding  layer  which  leads  to  failure  of 
the  bond  or  of  the  cellulose  material.  (4)  (See  Figure  2a).  Three  approaches  are 
possible  to  eliminate  this  stress  concentration  and  cause  of  rotor  failure. 

1.  Shape  the  rotor  to  reduce  the  stresses  and  strain  in  the  rotor  at 
the  hub  interface. 

2.  Insert  an  elastomeric  layer  in  between  the  rotor  and  hub  to  absorb 
the  differential  strain. 

3.  Change  the  configuration  of  the  hub-to-rotor  attachment. 
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Figure  1.  Cellulosic  Rotor  Configurations 
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Figure  2.  Hub-to-Rotor  Attachments 
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These  three  approaches  are  discussed  as  follows: 

1 .  Shape  the  Rotor 

This  first  approach  is  aimed  at  reducing  rotational ly  induced  stresses 
in  the  rotor  near  the  hub  by  shaping  it,  thus  reducing  the  strain  and  the  dif¬ 
ferential  shear  stress  at  the  hub  to  rotor  interface.  Elaborate  shaping  of 
the  rotor  is  used  in  satellite  applications  to  obtain  a  constant  stress  through¬ 
out  the  rotor.  Shaping  pseudoisotropic  materials  however  results  in  material 
waste  and  additional  labor,  compared  to  isotropic  materials  such  as  steel  which 
can  be  cast  in  that  shape.  This  would  reduce  the  commercial  competitiveness  of 
the  rotor.  The  cellulosic  rotor  economic  study  performed  for  the  Applied  Phys¬ 
ics  Laboratory  revealed  that  in  a  first  order  analysis,  a  cylindrical  rotor  re¬ 
sults  in  the  lowest  storage  costs  when  considering  the  rotor  and  vacuum  con¬ 
tainer  costs.  (6)  (See  Figure  3.) 

A  closer  analysis  shows  that  the  vacuum  containers  required  to  minimize 
aerodynamic  drag  usually  have  their  ends  dished  slightly  outward  which  would 
allow  room  for  some  shaping  near  the  rotor  hubs  without  increasing  the 
vacuum  container  cost.  A  rotor  can  be  shaped  to  advantage  by  stepping  its 
ends  using  appropriately  sized  disks.  These  disks  can  be  economically  made 
on  an  automatic  ("pin")  router  by  cutting  them  out  to  be  different  fractional 
diameters  of  the  nominal  diameter  of  the  rotor  (e.g.,  one-half,  one-third, 
and  one-quarter).  These  disks  would  then  be  bonded  to  the  ends  of  the  rotor 
using  simple  centering  jigs  made  of  a  very  hard  rubber  to  provide  uniform 
pressure.  (See  Figure  2  C  &  D  and  Figure  4.)  The  resulting  form  would 
approximate  the  hyperbolic  shape  of  a  constant  stress  isotropic  rotor. 

There  would  be  minimal  material  wastage  in  the  finish  contouring  of  the 
rotor  due  to  the  prior  "stepping"  of  its  ends,  and  little  or  no  additional 
cost  would  be  anticipated  for  the  vacuum  container  to  accommodate  the 
rotor's  hyperbolic  shape.  The  optimal  shape  for  a  pseudoisotropic  rotor, 
however,  is  not  obvious  since  the  radial  strength  is  considerably  higher 
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Figure  3.  Effect  of  Rotor  Shape  on  Storage  Costs 
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than  that  axial  strength.  An  ellipsoid  may  be  a  more  suitable  shape  and  this 
question  requires  further  analysis  utilizing  the  full  orthotropic  properties 
of  the  material  layers  and  the  adhesives  used  to  bond  them  together. 

2.  Elastomeric  Interface 

The  second  approach  of  placing  an  elastomeric  layer  between  the  hub  and 
rotor  (see  Figure  2B)  was  successfully  developed  by  Rabenhorst  of  APL  and 
McGuire  of  Lord  Corporation. (4,8)  The  elastomeric  layer  is  vulcanized  in 
place  between  the  hub  and  rotor.  This  bond  has  survived  rotor  failures  and 
no  longer  appears  to  be  a  limiting  factor  in  the  short  term.  One  difficulty 
in  assembling  such  a  hub  attachment  is  the  possibility  of  overheating  the 
plywood  or  fiberboard  in  the  process,  causing  the  water  present  to  turn  to 
steam.  If  sufficient  pressure  is  not  applied,  this  will  cause  a  "blister" 
or  adhesive  failure  between  the  top  plies.  This  can  be  avoided  through  care¬ 
ful  control.  However,  moisture  gradients  and  thermally  induced  stresses  and 
possible  material  degradation  are  still  potential  problems  due  to  the  high 
heat.  These  could  be  partly  eliminated  by  drying  the  plywood  thoroughly 
beforehand . 

An  alternate  method  to  this  elastomeric  approach  is  to  cut  a  layer  of 
elastomer  from  a  sheet  and  bond  it  to  the  hub  and  rotor  with  adhesive  (e.g., 
a  contact  adhesive  such  as  "Plyobond").  This  method  was  also  found  to  be 
effective  in  eliminating  hub  to  rotor  failures  in  short-term  burst  tests. 

The  long-term  fatigue  strength  of  both  these  bonding  methods,  however,  would 
need  to  be  proven  (see  Section  IID) .  A  further  potential  difficulty  is  the 
possibility  that  the  added  damping  provided  by  the  elastomeric  layer  would 
amplify  the  whirl -modes  and  resonances  occurring  in  the  rotor  suspension  sys¬ 
tem  since  they  occur  at  the  rotor  rather  than  between  the  supports  and 
ground. (9) 
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3.  Alternate  Hub  Configurations 

The  third  approach  is  to  change  the  configuration  of  the  hub-to-rotor 
attachment  to  minimize  the  stresses  caused  by  the  rotational  expansion  while 
still  providing  sufficient  bonding  to  sustain  the  torque  required  to  transmit 
power,  and  the  bending  moment  and  shear  due  to  imbalance.  One  such  approach 
was  developed  by  our  team  in  a  separate  development  program  with  the 
Minnesota  Energy  Agency. (7)  In  that  design,  conical  studs  were  used  to  bond 
the  hub  to  the  rotor  in  addition  to  using  the  stepped-rotor  approach  to  mini¬ 
mize  the  strains  involved.  (See  Figure  2C.)  Cylindrical  studs  set  in  place 
with  epoxy  have  been  effectively  developed  for  boats  by  the  Gougeon  Brothers 
of  Bay  City,  Michigan.  Such  studs- to-wood  bonds  have  been  demonstrated  to 
sustain  1500  psi  in  shear  over  their  surface  before  failing. (10)  The  coni¬ 
cal  shape  is  hypothesized  to  distribute  the  strains  more  uniformly  than  a 
simply  cylindrical  stud.  This  design  may  be  difficult  to  implement  and 
expensive. 

A  simpler  alternate  design  for  such  a  different  hub  configuration  was 
developed  under  this  contract  and  is  shown  in  Figure  2D.  In  this  design,  the 
hub  plate  is  bonded  to  a  cellulosic  disk  of  the  same  size  which  is  the  last 
disk  of  the  stepped  rotor  design.  Then  a  metal  band  is  wrapped  around  the  hub 
and  disk  combination,  and  bonded  to  both.  The  part  of  the  band  extending  over 
the  cellulosic  disk  is  cut  (stamped)  into  tabs  (see  Figures  2D  and  4).  This 
will  allow  the  band  to  flex  radially  outward  by  bending  as  the  rotor  is  spun 
up  since  the  cellulose  disk  expands  faster  than  the  metal  hub.  The  band-to- 
disk  bond  would  experience  very  little  strain  and  stress  in  such  flexure  and 
should  therefore  remain  intact  throughout  the  life  of  the  rotor.  The  metal  band 
would  need  to  flex  very  little,  and  if  made  of  fatigue  resistant  metal  such  as 
spring  steel,  should  experience  no  problems  with  failure. 

While  the  band  is  flexible  in  radial  expansion,  it  will  still  be  circum- 
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ferentially  rigid.  It  is  therefore  able  to  withstand  the  torque  required  to 
transmit  energy  to  and  from  the  rotor.  The  band-to-disk  bond  would  also  resist 
a  moment  and  shear  applied  between  the  hub  and  rotor  as  would  occur  if  the 
rotor  were  not  perfectly  balanced.  There  would  also  be  little  damping  to 
amplify  the  whirl  or  critical  resonance  modes  compared  to  the  elastomeric  pads. 

The  band  is  cut  into  tabs  with  circular,  elliptical  or  sinusoidal  shapes 
in  the  notches  to  minimize  stress  concentrations.  This  design  can  be  modified 
to  easily  accommodate  conical  or  similarly  shaped  rotors  by  bending  the  tabs 
to  such  a  shape.  This  design  thus  appears  to  be  applicable  to  flywheel  rotors 
in  general  where  a  hub  and  rotor  of  dissimilar  materials  need  to  be  connected 
together,  i.e.  it  could  be  used  for  pseudoisotropic  rotors  of  fiberglass  or 
graphite,  as  well  as  for  compound  rotors  of  filaments  wound  around  an  isotropic 
or  pseudoisotropic  core. 

In  conclusion,  the  hub-to-rotor  bond  failure  problem  has  previously  been 
solved  by  introducing  an  elastomeric  layer  at  the  interface.  In  this  present 
project,  an  alternate  design  was  developed  consisting  of  a  stepped  rotor  made 
of  disks  of  fractional  sizes,  and  attached  to  the  hub  with  a  flexible 
scalloped  metal -band.  This  design  is  seen  as  being  cost  competitive  with  the 
elastomeric  layer  approach  and  is  expected  to  be  more  durable  and  provide 
greater  rigidity  between  the  hub  and  rotor  than  the  latter.  A  prototype  was 
not  constructed  due  to  limitations  in  time  and  funds. 

B.  BALANCING 

If  the  geometric  axis  of  rotation  of  a  rotor  does  not  coincide  with  one  of 
its  principle  inertial  axes,  there  will  be  an  "imbalance"  resulting  in  vibration, 
stress  and  fatigue  in  the  rotor  supports.  Eliminating  or  minimizing  this  effect 
is  of  primary  concern  in  the  design  and  assembly  of  flywheel  rotors.  Conven¬ 
tional  approaches  to  this  problem  use  flexible  rotor  supports  to  minimize  the 
stresses,  and  remove  or  add  mass  to  the  rotor  to  change  its  inertial  axis  so 
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that  it  coincides  with  the  geometric  axis.  (See  Figures  5A  &  B.)  The  cor¬ 
ollary  balancing  method  is  to  adjust  the  supports  so  that  the  inertial  axis 
of  the  rotor  is  aligned  with  the  geometric  rotational  axis.  (See  Figures 
5C  &  D.)  The  latter  is  not  commonly  done,  but  appears  preferable  for  high 
performance  rotors,  especially  those  using  anisotropic  materials.  Hence, 
the  balancing  concept  of  dynamically  locating  the  rotor's  inertial  axis  and 
attaching  the  hubs  and  shafts  in  alignment  with  that  axis  while  the  rotor 
is  spinning  was  conceived  and  developed  as  part  of  the  work  of  this  contract. 

1 .  Rotor  Modification  and  Alignment  Methods 

In  conventional  practice,  rotors  are  balanced  by  removing  mass  by  drilling 
holes  in  the  periphery  of  the  rotor  (as  in  the  flywheels  in  automotive  engines) 
or  by  adding  compensating  weights  to  the  rotor  (as  in  automotive  tires). 

Pseudoi stropi c  rotors  made  of  plywood  or  fiberboard  could  be  conventionally 
balanced  by  removing  weight  around  the  periphery  fairly  readily  (see  Figure  5A). 
Drilling  holes  in  the  rotor  would  induce  undesirable  stress  concentrations  and 
premature  failure.  Therefore  it  is  recommended  that  material  be  removed  by 
sanding  it  off  the  outer  periphery  surface  of  the  rotor  in  large  thin  patches 
of  surface  area. 

For  a  compound  wound  rotor  where  high  performance  filaments  of  fiberglass 
or  steel  wire  are  wound  around  a  cellulosic  core,  such  a  material  removal  process 
does  not  appear  practical.  It  may  still  be  possible  to  add  weights  to  the  inner 
rim  of  the  rotor.  However  there  is  the  danger  that  the  weights  could  work  loose 
during  the  flywheel's  operation,  and  become  projectiles  hurled  at  the  container. 
Therefore  this  method  is  not  recommended  unless  the  weights  can  be  permanently 
and  reliably  fixed  in  the  rotor. 

By  supporting  the  rotor  on  a  symmetrically  mounted  flexible  (or  "quill") 
shaft  or  magnetic  bearing,  the  rotor  can  spin  about  a  point  near  its  inertial 
axis  after  going  through  the  first  critical  resonance.  This  allows  some  amount 
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of  imbalance  to  be  tolerated  in  the  rotor,  and  is  the  method  currently  used 
on  most  rotor  tests. (4)  (See  Figure  5B.)  Critical  speeds  that  must 
be  traversed  and  damping  in  the  rotor  can  make  the  whirl  problems  parti¬ 
cularly  severe.  The  development  of  large  multi-ton  rotors  implies  much 
slower  rotational  speeds  with  higher  torque  requirements  for  the  shaft, 
and  thus  less  flexibility  and  higher  stresses  in  the  hub.  Such  large 
vertically  mounted  rotors  may  have  to  be  supported  by  thrust  bearings 
below  the  rotor.  Permanent  magnets  may  be  useful  to  support  the  majority 
of  the  weight.  (11)  The  bearings  could  be  supported  by  very  soft  iso¬ 
lators  to  absorb  a  high  degree  of  imbalance.  The  support  system  would 
have  to  be  capable  of  sustaining  the  high  amount  of  low  level  cyclic 
fatigue  that  would  result  (see  Figure  5A) . 

Instead  of  removing  or  adding  weight  to  the  rotor  to  balance  it,  the 
rotor  could  be  moved  relative  to  the  shafts  so  that  the  geometric  axis  co¬ 
incides  with  the  inertial  axis  of  the  rotor.  The  magnitude  and  location  of 
the  imbalance  can  be  located  by  conventional  methods  of  dynamic  balancing. 
The  results  are  interpreted  in  terms  of  displacement  of  the  shafts  instead 
of  the  amount  of  mass  to  add  or  remove.  Adjustable  hubs  of  this  type  have 
been  designed  and  used  in  past  programs  at  both  the  Applied  Physics  Lab  and 
the  University  of  Minnesota. (4,7) 

A  balancing  apparatus  to  align  the  inertial  axis  of  the  rotor  with  its 
hubs  and  shafts  was  designed  at  the  University  of  Minnesota  under  the 
present  contract. (7)  This  apparatus  provides  the  required  four  degrees  of 
adjustment  and  has  the  advantage  of  greater  sensitivity  over  incorporating 
adjustment  screws  in  the  hubs.  It  is  also  amenable  to  very  large  rotors. 

2.  Self-Centering  Dynamic  Balancing 

Traditional  balancing  methods  require  measurement  of  the  imbalance 
forces  or  displacements,  and  an  active  compensation  by  mass  removal  or 
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addition,  or  by  shaft  position  adjustment.  To  eliminate  the  sensing,  calcu¬ 
lation  and  adjustment  steps  required  in  these  balancing  methods,  a  passive 
scheme  was  conceived  to  dynamically  locate  the  inertial  axis  of  the  rotor 
and  attach  the  hubs  to  the  rotor  with  the  shafts  aligned  and  concentric  with 
this  axis.  The  design  and  development  of  such  a  balancer  was  proposed  under 
the  present  contract,  with  the  view  that  it  might  be  simpler,  less  expensive, 
and  directly  suitable  to  pseudoisotropic  rotors  and  especially  to  compound 
wound  rotors.  It  would  also  eliminate  the  removal  or  addition  of  mass  to  a 
rotor  and  the  associated  potential  stress  concentrations. 

The  basic  principle  of  this  balancing  method  is  to  dynamically  locate 
the  principle  inertial  axis,  and  then  attach  the  hubs  with  the  centerlines  of 
the  shafts  aligned  parallel  and  concentric  with  that  axis.  The  principle 
involved  in  locating  the  inertial  axis  in  this  self-balancing  method,  is 
that  a  rotor  supported  on  isolators  will  tend  to  spin  about  its  inertial 
rather  than  geometric  axis  if  it  is  well  above  the  fundamental  resonance 
frequency.  (See  Figure  6)  This  inertial  axis  can  then  be  marked,  and  the 
hubs  attached  to  the  rotor  concentric  to  the  inertial  axis  when  stationary. 

A  further  possibility  is  to  attach  the  hubs  to  the  rotor  while  it  is  spinning 
about  its  inertial  axis  which  then  coincides  with  the  geometric  axis  of  the 
balancing  equipment.  Equipment  to  accomplish  this  was  designed  in  this  pro¬ 
ject,  and  is  described  as  follows. 

The  basic  design  consists  of  an  upper  and  lower  turntable,  eight  visco- 
elastic-foam  rotor  support  pads,  a  framework  and  a  power  source  (Figure  7). 
The  turntables  provide  a  mounting  surface  for  the  rotor  supports.  The  lower 
turntable  is  supported  by  two  large  spherical  roller  bearings.  The  bearings 
are  pressed  onto  a  vertical  shaft  from  the  turntable  to  provide  the  necessary 
radial  alignment  and  axial  support.  Clearance  is  provided  in  the  center  of 
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Rotor  Centers  Itself  with  it's  Principal  Axis  of  Inertia 
Aligned  Parallel  and  Concentric  with  the  Turntable's 
Geometric  Axis. 


Figure  6.  Self-Centering  Dynamic  Balancer, 
University  of  Minnesota,  1979 
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Figure  7.  Self-Center  Dynamic  Balancer 


che  table  for  a  hub-and-shaft  mounted  on  the  rotor.  Four  adjustable  sup¬ 
ports  are  mounted  on  each  turntable.  The  supports  provide  the  surfaces  for 
mounting  the  viscoelastic  foam  pads. 

The  same  basic  turntable-support  arrangement  is  used  on  the  upper  turn¬ 
table  with  several  modifications.  Because  the  center  of  this  turntable  has  to 
remain  unobstructed  to  allow  a  friction  pad  to  contact  the  rotor,  a  thrust 
bearing  could  not  be  used.  Instead,  eight  side-mounted  roller  bearings  are 
used  to  support  and  align  the  upper  turntable  both  radially  and  vertically. 

The  four  side-bearings  which  provide  radial  alignment  of  the  axis  are  adjust¬ 
able  to  within  .0025  inches.  Two  of  the  side-bearings  could  be  instrumented 
using  two  force -transducers  to  measure  the  imbalance  forces  encountered  as 
the  rotor  is  spun  up. 

A  surrounding  framework  is  provided  to  mount  the  bearings  supporting 
the  turntables  and  a  safety  screen.  The  bottom  turntable  may  be  powered  by 
an  electric  motor  through  a  belt  drive  in  order  to  bring  it  up  to  speed  and  to 
maintain  the  proper  speed  of  the  rotor  while  the  surface  is  being  sanded.  A 
brake  is  attached  to  the  shaft  on  the  lower  turntable  to  stop  the  system. 

The  viscoelastic-foam  pads  which  are  mounted  on  the  turntables  restrain 
the  rotor  while  permitting  it  to  align  itself  with  its  inertial  axis,  i.e., 
the  foam  acts  like  a  parallel  spring-and-damper  combination.  A  number  of 
different  grades  of  highly  viscoelastic  foam  are  commercially  available 
ranging  from  very  soft  to  very  stiff.  (11)  Samples  of  the  different  grades 
of  this  foam  were  tested  for  their  stiffness  in  compression.  The  foam  has 
a  nominally  linear  region  initially  before  the  stiffness  rises  rapidly  as 
it  is  completely  compressed.  (See  Figure  8)  This  performance  is  tempera¬ 
ture  dependent.  The  resonance  frequency  of  the  rotor-balancer  system  is 
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governed  by  the  rotor  mass,  and  the  equivalent  spring-constant  of  the 
foam  pads,  i.e.,  their  area  multiplied  by  their  stiffness.  The  resonance 
frequency  should  be  chosen  well  below  the  maximum  operating  frequency  of 
the  balancer  to  permit  as  close  an  alignment  as  possible  between  the  rotor's 
inertial  axis,  and  the  turntables'  geometric  axis  (see  Figure  6).  This 
viscous-damping  of  the  foam  controls  the  amplitude  of  the  resonance,  as 
well  as  the  degree  to  which  the  inertial  axis  approaches  the  geometric 
axis.  There  is  an  optimum  damping  coefficient.  Since  most  materials  have 
damping  coefficients  considerably  below  this  optimum  value,  the  damping 
should  be  chosen  as  high  as  possible. 

This  entire  self-centering  dynamic  balancer  was  designed  to  be  in¬ 
stalled  on  the  bed  of  a  large  radial  arm  drill  press  with  a  1.2  m  (4  ft.) 
radial  clearance,  which  is  available  in  the  Mechanical  Engineering  depart¬ 
ment.  The  apparatus  is  designed  to  accommodate  rotors  up  to  710  mm  (28  in.) 
in  diameter  and  in  height  about  a  vertical  axis.  The  apparatus  will  be  bolted 
to  the  bed  of  the  drill  press,  and  then  the  eight  bearing  blocks  adjusted  so 
that  the  turntables'  rotational  axes  would  be  aligned  with  the  spindle  axis 
of  the  drill  press. 

To  balance  a  rotor,  a  friction  pad  is  chucked  into  the  spindle  press 
and  brought  into  contact  to  the  top  of  the  test  rotor  and  is  used  to  spin 
the  rotor  up  through  the  fundamental  resonance  speed  until  it  is  spinning 
smoothly  about  its  inertial  axis  well  above  that  resonance  speed.  The  de¬ 
sign  resonance  and  operating  speeds  are  100  RPM  and  1,000  RPM  respectively. 

The  friction  pad  is  then  used  to  lightly  sand  a  flat  surface  on  the  top  of 
the  rotor  which  will  allow  the  hubs  to  be  mounted  concentric  and  perpendicu¬ 
lar  to  the  principle  inertial  axis.  The  friction  pad  would  then  be  replaced 
by  the  actual  hub  and  shaft.  There  is  also  the  possibility  that  these  could 
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be  bonded  directly  to  the  rotor  at  the  balancer  operating  speed  while  the 
rotor's  inertial  axis  is  aligned  with  the  balancer's  geometric  axis. 

The  viscoelastic  foam  has  been  obtained  in  a  number  of  stiffness  grades 
and  in  thicknesses  of  7  mm,  4  mm  and  2  mm  (1/2",  1/8"  and  1/16").  The 
materials  for  the  framework  and  the  turntables  have  also  been  obtained.  Con 
struction  of  the  apparatus  was  begun,  but  terminated  due  to  lack  of  time  and 
funds  to  complete  it. 

The  essential  development  of  this  self-centering  dynamic  balancer  is 
complete.  Some  modifications  and  optimization  may  be  necessary  when  its  con 
struction  is  completed,  and  it  is  tested.  The  equipment  should  enable  the 
rotor  to  be  balanced  as  the  hubs  and  shafts  are  attached,  without  having  to 
add  or  remove  mass  later.  This  concept  could  be  combined  with  the  use  of 
adjustable  hubs.  This  balancer  could  conceivably  be  modified  to  manually 
align  rotors  with  adjustable  hubs. 

The  corollary  to  balancing  a  rotor  using  this  self-centering  method, 
is  to  provide  the  rotor  with  automatic-balancing  hubs.  Such  hubs  would 
contain  some  highly  viscous  fluid  in  a  cylindrical  ring.  Since  the  rotor 
will  be  primarily  operating  above  the  transverse  critical  frequency,  this 
fluid  will  move  around  to  automatically  compensate  for  any  remaining  imbal¬ 
ance  in  the  rotor.  Such  a  system  would  continuously  balance  the  rotor,  and 
compensate  for  any  possible  growing  imbalance  caused  by  uneven  creep  of  the 
rotor  material.  Such  balancing  techniques  are  commercially  available,  and 
could  be  easily  adapted  for  use  on  pseudoisotropic  rotors  and  cores. 

These  balancing  and  assembly  concepts  should  enable  any  flywheel  rotor 
with  a  pseudo  isotropic  core  to  be  balanced  without  having  to  add  or  remove 
mass.  The  automatic-balancing  hubs  would  maintain  the  balance  in  the  rotor 
by  compensating  for  minor  shifts  in  the  rotor's  center  of  gravity. 
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C.  ROTOR  VIBRATIONS 


To  maximize  usefulness  and  minimize  cost,  flywheels  need  to  be  operated 
over  the  widest  practical  speed  range.  The  critical  frequencies  encountered 
pose  the  greatest  difficulty  to  such  operation.  The  supports  and  operating 
range  must  be  designed  to  avoid  and  minimize  these  resonances.  The  following 
parametric  analysis  discusses  the  basic  design  factors  involved  in  choosing 
maximum  operating  speed  and  the  fundamental  translatory  frequency.  (13) 

The  purely  translatory  undamped  natural  critical  frequency  of 


a  symmetric  rotor  of  mass  M  is: 


:yM)' 


where  is  the  equivalent  spring  constant  of  the  support  system  with 
elastic  center  at  the  center  of  gravity. 

The  energy  stored  in  such  a  rotor  with  a  moment  of  inertia  I  at  its 


operating  speed  is: 


E  =  IUq  /2 


Combining  these  equations,  we  find  that  the  square  of  the  ratio  of  the 
maximum  operating  speed  to  the  critical  speed  is: 


2  M  E 


The  maximum  energy  that  can  be  safely  stored  in  a  rotor  can  be  expressed  in 
terms  of  the  useable  design  strength  of  the  rotor  material  and  its 


density  p  as : 


E  =  M  /p 


where  the  mass  shape  factor  varies  from  zero  to  one  depending  on  the 
stress  distribution  in  the  rotor.  Substituting  this  expression  for  the 
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energy  into  equation  (3)  we  have: 


I  P 


Rearranging  this  equation  and  simplifying,  we  obtain  another  dimen¬ 
sionless  parameter: 


2  MVK  \  m 
m  '  c 


“o 


where  V  is  the  volume  of  the  rotor.  The  ratio  IL/MVK^  is  a  function  of  the 
mass  distribution  within  the  rotor,  and  is  thus  dependent  on  the  rotor  con¬ 
figuration.  The  ratio  of  operating  to  critical  frequencies  is  defined  by 
the  choice  of  continuously  variable  transmissions  and  relative  operating 
region.  This  dimensionless  parameter  can  therefore  be  used  to  specify 
the  equivalent  spring  constant  desired  for  a  specified  rotor  and  operating 
conditions.  It  could  therefore  be  called  the  "support  parameter". 

Let  us  consider  a  hollow  cylindrical  wound  rotor  of  outer  radius  R^, 
length  L,  with  the  ratio  of  inner  to  outer  radius  as  X.  The  volume  of  this 


rotor  is 


V  >=  ^R  ^  (1  -  X^)  L 
0 


Its  moment  of  inertia  I  is 


I  =  MR^  (1  +  X^)  /  2 


and  the  mass  shape  factor  is 


=  (1  +  X^)  /  4 


Substituting  equations  (7)  to  (9)  into  equation  (6)  we  have 


7r(l-X  )  \  ‘"c 


‘"o 
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Typically  an  operating  range  of  the  order  of  1:3  is  desirable  to  make  the 
maximum  use  of  the  energy  stored  in  the  rotor  within  the  operating  limits 
of  the  continuously  variable  transmission.  The  operating  speed  must  be 
significantly  above  (or  below)  the  fundamental  transverse  critical  fre¬ 
quency.  If  we  take  the  minimum  operating  speed  as  more  than  a  third 
higher  than  the  critical  frequency,  then  the  maximum  operating  frequency 
would  have  to  be  more  than  four  times  higher. 

w  /  0)  >  4  (11) 

0  c  — 

The  ratio  of  inner  to  outer  radius  X  is  chosen  to  optimize  the  energy 
storage  costs  of  the  rotor.  (6)  Taking  a  typical  inner  to  outer  ratio 
of  0.8  the  support  parameter  becomes 

a  L 

>  14.2  (12) 

^e 

The  required  stiffness  in  the  rotor  supports  can  thus  be  chosen  based  on 
the  size  of  the  rotor  and  the  useable  material  strength.  Low  operating 
speeds  are  desired  to  minimize  bearing  surface  speeds.  This  suggests  a 
large  rotor  diameter  and  short  length  which  would  require  softer  supports. 

For  a  solid  pseudo-isotropic  rotor  the  inner  radius,  and  thus  X,  is 
sero  for  equations  (7)  and  (8).  The  mass  shape  factor  could  be  taken  to  be 
0.25  until  further  data  is  available  relative  to  the  unixial  strength.  The 
support  parameter  for  cylindrical  pseudoisotropic  rotors  is  thus 

^u  >  20.4  (13) 
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This  support  parameter  appears  to  be  a  useful  parameter  in  the  initial 
design  of  a  flywheel  energy  storage  system.  It  allows  the  equivalent  spring 
constant  of  the  supports  to  be  quickly  chosen  based  on  the  useable  strength 
of  the  rotor  material,  and  the  rotor  length,  for  a  given  rotor  configu¬ 
ration. 

To  measure  the  fundamental  critical  frequency  of  a  rotor  and  supports, 
an  experimental  plywood  was  mounted  in  brackets  on  an  electromagnetic  shaker. 
The  transmissibil ity  curve  was  measured  and  is  shown  in  Figure  9.  The 
nominal,  operating  range  of  such  a  system  is  indicated  on  the  figure. 

A  first  order  linear  analysis  of  the  individual  spring  constants  and 
the  major  vibratory  modes  was  made  for  the  above  system  by  Carlson.  (14) 

The  critical  frequencies  calculated  are  of  comparable  magnitude  to  these 
experimental  results.  The  major  uncertainties  were  in  the  moduli  and 
damping  coefficients  of  the  elastomeric  pad  and  of  the  bearing  isolators. 
Measurements  of  these  parameters  could  be  made  in  further  testing  to  refine 
the  coefficients. 

In  operating  above  the  fundamental  critical  frequencies,  serious  con¬ 
sideration  must  be  given  to  whirl  frequencies  and  to  the  magnitudes  of  such 
vibrations.  Detailed  analysis  of  the  whirl  frequencies  and  vibrations  of 
flywheels  have  recently  been  made  by  Bert  and  Chen.  (15)  Further  analysis 
of  these  effects  has  been  made  by  Bucciarelli,  concentrating  on  the  effects 
of  damping  in  the  rotor  as  well  as  in  the  bearing  isolators.  (16)  Damping 
in  the  rotor  tends  to  amplify  the  whirl  modes,  indicating  that  a  rigid 
rather  than  elastomeric  mount  between  the  hub  and  rotor  may  be  desired. 
Preliminary  arrangements  have  been  made  to  apply  this  analysis  to  the  ply¬ 
wood  rotor  that  has  been  designed  and  built  at  the  University  of  Minnesota. 
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The  magnitude  of  these  effects  could  be  measured  and  changed  experimentally 
to  compare  them  with  the  analytic  results. 

This  preliminary  transmissibil ity  data  was  taken  manually.  However 
the  output  from  the  accelerometers  has  since  been  connected  directly  to  the 
amplifiers  and  then  to  the  microprocessor  based  data  acquisition  system  that 
has  been  assembled.  This  enables  measurements  of  the  phase  as  well  as 
magnitude  of  various  points  in  the  system.  Log  decrement  experiments  can 
thus  be  made  easily  and  accurately.  At  present  the  quantity  of  data  that 
can  be  taken  rapidly  and  stored  is  limited  by  the  8K  words  of  memory. 
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II.  MATERIAL  PROPERTIES  AND  ROTOR  DURABILITY 


The  basic  design  of  a  flywheel  energy  storage  system  requires  that  it 
meet  specified  power  and  energy  storage  capabilities  for  a  given  period  of 
time.  The  design  of  the  power  and  torque  transmitting  capabilities  of  the 
rotor  are  shown  in  Figure  10.  The  hub  must  be  able  to  transmit  the  maximum 
power  at  the  minimum  design  speed,  which  is  typically  set  above  the  funda¬ 
mental  critical  speed.  This  in  turn  is  designed  to  be  some  fraction  of  the 
maximum  useable  operating  speed.  The  hub  must  also  be  able  to  sustain  the 
stresses  resulting  in  transversing  the  critical  speeds  as  well  as  the  stresses 
experienced  under  continuous  operation. 

The  design  of  energy  storage  capabilities  of  the  system  are  similarly 
shown  in  Figure  11.  The  specific  energy  (per  unit  mass)  storage  capabilities 
of  the  rotor  material  are  given  by  E  =  where  is  a  shape  factor  vary¬ 

ing  between  0  and  1  accounting  for  unequal  stress  distributions,  a  is  the 
tensile  strength  of  the  material,  and  p  is  its  density.  The  mean  strength  of 
the  material  over  the  operating  cycle  and  life  of  the  system  is  reduced  through 
fatigue  by  a  factor  f.  There  is  also  a  distribution  of  strengths  in  the 
material.  To  design  for  a  given  confidence  level  (e.g.  95%  confidence  limits), 
the  distribution  of  strengths  of  the  material  must  be  known  (e.g.  2  standard 
deviations  below  the  mean  for  a  normal  distribution).  Finally  the  operating 
range  of  the  continuously  variable  transmissions  in  the  drive  train  or  the 
torque  limitations  at  the  design  power  level  constrain  the  lower  limit  to 
which  energy  can  be  withdrawn  or  added  to  the  rotor.  This  is  accounted  for 
by  a  speed  ratio  factor  W  equal  to  the  percentage  of  energy  that  can  be 
extracted  from  the  rotor. 

To  evaluate  the  feasibility  of  using  cellulosic  materials  to  make 
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flywheel  rotors,  it  is  therefore  necessary  to  evaluate  the  distribution  of 
strengths  of  the  material  in  question,  and  the  effect  of  fatigue  on  it. 

This  project  therefore  sets  out  to  evaluate  in  sufficient  detail  these 
factors  for  birch  plywood,  as  this  material  is  commercially  available  and 
could  conceivably  be  used  in  rotors,  based  on  literature  studies  and  on  actual 
tests  of  plywood  rotors.  Four  types  of  tests  were  therefore  proposed. 

(A)  Tensile  tests  to  establish  the  strength  distribution  of  plywood. 

(B)  High  resolution  rapid  tensile  tests  with  acoustic  emission 
measurements  to  attempt  to  predict  the  long  term  strength. 

(C)  Tensile  fatigue  tests  of  plywood. 

(D)  Durability  of  the  rotor-hub  system,  under  cyclic  rotary  fatigue. 

These  tests  would  be  run  for  plywood  under  ambient  conditions  for  50% 
Relative  Humidity  as  well  as  for  vacuum  dried  material,  to  enable  evaluation 
of  data  currently  in  the  literature. 


A.  TENSILE  TESTS 


To  evaluate  the  specific  energy  of  the  plywood,  the  tensile  strength- 
to-density  ratio  distribution  must  be  known  as  well  as  the  shape  factor  K^. 

It  would  be  preferable  to  have  information  on  the  statistical  distribution 
of  the  intrinsic  energy  density  after  the  material  has  been  subjected  to 
the  stresses  expected  under  normal  rotor  operating  conditions.  Such  data 
is  very  difficult  to  obtain  and  time  consuming.  Much  information  can,  however, 
be  obtained  rapidly  through  standard  tensile  tests  of  numerous  samples.  This 
information  can  then  be  compared  with  fatigue  tests  to  progressively  longer 
periods  and  lower  stresses  in  order  to  extrapolate  the  data  to  the  expected 
life  cycle  stress  conditions.  Such  tests  can  also  be  used  to  identify  prob¬ 
lems  of  material  selection  and  quality  control  in  the  manufacture  of  cellulosic 
rotors.  This  is  particularly  important  since  most  plywood  is  not  made  to  meet 
stringent  standards  required  for  such  high  performance  engineering  standards. 

Wood  is  very  hygroscopic  in  nature  and  also  shrinks  and  swells  with 
changes  in  moisture  content.  The  strength  increases  as  the  wood  is  dried 
from  the  green  moisture-saturated  state  down  to  ambient  conditions.  At  50% 
relative  humidity  (RH),  the  moisture  content  is  typically  10%  depending  on 
species.  Most  data  in  the  literature  on  the  strength  of  various  species  are 
measured  at  ambient  conditions,  with  some  data  taken  at  the  fiber-saturated 
point.  Little  data  exists  for  very  dry  wood  or  plywood,  and  the  reports  are 
sometimes  conflicting.  There  is  some  indication  that  data  indicating  lower 
strengths  was  left  out  (17).  Measurements  of  individual  tracheids  of  Douglas 
Fir  show  reductions  in  the  strength  when  they  are  dried  down  from  ambient 
conditions. 

Plywood  is  considerably  weaker  in  tension  along  the  direction  bisecting 
the  grain  directions  of  adjacent  plies  than  in  the  direction  of  those  plies. 
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For  example,  the  strength  at  a  45°  angle  to  the  face  ply  of  conventional  0°, 

90°  plywood  is  significantly  weaker  than  parallel  or  perpendicular  to  the 
face  grain.  This  region  may  be  the  weakest  in  the  rotor,  precipitating 
failure  of  the  entire  rotor  when  it  fractures.  Little  data  are  available 
along  these  directions  compared  to  parallel  and  perpendicular  to  the  face 
grain.  The  shape  factor  is  used  to  account  for  nonuniform  stress  dis¬ 
tributions  in  the  rotor.  A  solid  cylindrical  rotor  of  isotropic  material 
has  a  shape  factor  of  0.606  for  example.  could  be  used  to  reflect  the 
effects  of  grain  orientation  and/or  lamination  pattern  in  mathematical 
equations  used  to  calculate  the  usable  strengths  of  various  wood-species 
in  both  solid  and  plywood  form. 

Primary  Goals 

The  testing  program  was  therefore  designed  to  evaluate  these  three  major 
factors  of  intrinsic  energy  distribution,  moisture  effects,  and  plywood 
orientation.  To  evaluate  the  intrinsic  energy  distribution  accurately  it 
was  decided  to  test  at  least  50  samples  and  preferably  100  samples  in  each 
series.  The  different  orientations  would  be  tested  with  material  that  was 
vacuum  dried  and  also  with  material  conditioned  to  50%  RH  to  evaluate  the 
moisture  effects.  Finally,  tests  would  be  run  on  plywood  parallel  to  the 
grain  and  at  the  angle  bisecting  the  grain  angle  in  adjacent  plies.  Commer¬ 
cially  available  Finnish  birch  plywood  was  obtained  and  450  tensile  samples 
were  cut  for  these  series  of  tests. 

Calculations  and  burst  tests  indicate  that  pseudoisotropic  material  made 
up  with  a  0°,  60°,  -60°  configuration  is  considerably  stronger  than  if  made 
in  the  conventional  0°,  90°  configuration  (8).  Preliminary  tests  and  dis¬ 
cussions  with  the  plywood  distributors  indicated  that  there  might  also  be 
further  effects  of  quality  control  and  hot  press  versus  cold  adhesives  in 
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reducing  the  strength  of  comtnerciany  available  birch  plywood.  An  order 
for  75  sheets  of  birch  plywood  460  mm  (18")  square  made  with  a  0°,  60°,  -60° 
veneer  orientation  was  therefore  placed  with  Lenderink  Inc.  of  Belmont, 
Michigan  (18).  As  a  control,  25  similar  sheets  were  ordered  with  a  conven¬ 
tional  0°,  90°  orientation. 

Some  of  the  sheets  will  be  used  for  fatigue  tests.  Six  sheets  of  the 
0°,  60°,  -60°  plywood  were  sent  to  the  Applied  Physics  Laboratory  for  future 
burst  testing  to  compare  actual  spin  tests  with  this  series  of  tensile  and 
fatigue  tests. 

Experimental 

Initial  tensile  tests  were  made  on  12  mm  (1/2")  Russian  "Baltic"  Birch 
plywood  which  was  available  from  a  local  lumber  distributor  (19).  Tensile 
samples  were  routed  out  using  a  jig  that  was  already  available.  Many  of  these 
samples  failed  outside  the  gage  length.  The  jig  outline  apparently  had  too 
sharp  a  curvature  and  made  the  gage  section  too  wide  to  adequately  distribute 
the  stress.  A  new  jig  was  therefore  made  to  cut  samples  in  a  shape  that 
aproximated  the  ASTM  plywood  tensile  specimen  standard.  The  actual  dimensions 
had  to  be  25%  shorter  to  accommodate  the  limitations  of  the  environmental 
chambers  available.  These  are  still  considered  to  provide  relative  measure¬ 
ments  of  the  various  effects.  (See  Figure  12) 

The  Baltic  birch  is  assembled  using  urea  adhesives.  Numerous  blemishes 
are  generally  present  in  the  interior  of  this  plywood,  even  when  the  face 
veneers  are  relatively  clear.  Subsequent  tensile  tests  were  therefore  made 

on  a  higher  quality  birch  plywood  from  Finland,  which  was  obtained 
through  a  distributor  in  Chicago  (20).  This  plywood  is  made  using  phenolic 
adhesives  in  a  hot  press,  and  is  of  exterior  or  water  resistant  quality.  It 
has  specified  minimum  strengths  for  use  as  concrete  forms.  The  plywood  is 
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Figure  12.  Plywood  Tensile  Test  Samples 


Early  samples  made 
with  an  existing  die. 

The  original  die  had  too  sharp  a  routed  radii  and  too 
new  die  was  made  with  a  larger  11"  radii  and  thick 
samples  breaking  consistently  in  the  gage  section. 


Final  tensile  samples  made 
with  the  new  die. 

thick  a  gage  section.  The 

gage  section.  This  has  given 
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nominally  12  mm  (0.5")  made  up  of  9  plies. 

The  custom-made  boards  from  Lenderink  Inc.  were  assembled  with  16 
y0iq0gy'5  Qf  0.9  mm  (1/28")  thick  of  yellow  birch.  The  boards  with  the  0  , 

60°,  -60°  were  made  using  cold  setting  aliphatic  polymer  resins.  These 
were  used  to  avoid  possible  material  degradation  and  delamination  problems 
with  the  hot  setting  adhesives.  The  control  plywood  was  made  of  15  plies 
of  the  same  material  with  a  conventional  0°,  90°  orientation.  Part  of  it 
was  made  with  cold  setting  adhesives  and  part  with  hot  press  adhesives  to 
compare  this  parameter. 

Sample  Preparation 

For  the  tests  of  the  conventional  0°,  90°  Finnish  birch  plywood,  450 
samples  were  cut  from  the  1,500  mm  (5  ft)  square  sheets.  Samples  were  cut 
with  the  grain  of  the  face  veneer  at  0°,  45°,  or  90°  to  the  axis  or  tensile 
stress  direction.  The  custom-made  0°,  60°,  -60°  plywood  was  similarly  cut 
into  tensile  samples  parallel  and  perpendicular  to  the  face  grain.  The  latter 
is  at  90°,  30°,  -30°  to  the  other  veneers  and  bisects  the  grain  directions 
of  the  adjacent  plies.  Forty-three  boards  have  been  cut  into  731  sample 
blanks  for  tensile  and  fatigue  testing.  Due  to  the  dimensions  of  the  boards, 
three  samples  were  obtained  parallel  to  the  grain  and  fourteen  perpendicular 
to  the  grain  in  each  board  or  vice  versa.  For  the  fatigue  tests,  ten  per¬ 
pendicular  samples  were  set  aside  from  each  board,  along  with  the  four 
perpendicular  and  three  parallel  samples  used  for  tensile  tests  and  as  con¬ 
trols.  (See  Figure  13.)  The  sample  blanks  were  then  routed  to  shape. 

For  the  tensile  tests  and  moisture  comparison  tests,  the  samples  were 
evenly  distributed  between  two  groups  for  separate  conditioning.  The  first 
group  was  equilibrated  to  constant  weight  in  an  environmental  room  maintained 
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at  a  constant  22°C  (72°F)  and  50%  RH.  The  second  group  was  vacuum  dried  to 
constant  weight  in  a  vacuum  environmental  chamber.  Upon  equilibrium,  the 
pressure  in  the  chamber  ranged  from  1  to  8  Torr  (microns  of  Hg),  giving  a 
moisture  content  close  to  0%  and  comparable  to  that  expected  under  flywheel 
rotor  operating  conditions. 

Testing  Procedure 

After  fabrication  and  moisture  conditioning,  the  samples  were  tested 
in  tension  at  a  constant  strain  rate  using  an  Instron  test  machine.  Each 
sample  was  given  an  identification  number  indicating  the  type  of  test,  number 
of  plies,  moisture  content,  face  ply  orientation,  and  sample  number  within 
that  group.  The  width  and  thickness  of  the  gage  length  were  then  measured 
and  recorded.  The  samples  were  clamped  in  the  tensile  grips  with  50  ft.  lb. 
torque  applied  to  the  bolts.  An  extensometer  was  attached  to  the  sample 
across  a  51  mm  (2")  gage  length. 

The  sample  was  then  broken  in  tension  by  pCi'lling  the  grips  apart  at  a 
constant  rate.  The  load-extension  curve  for  the  gage  section  was  recorded 
automatically  on  the  chart  recorder  during  the  test.  The  breaking  load  was 
obtained  from  the  chart  and  the  breaking  strength  calculated  from  the  cross 
sectional  area  of  the  gage  length. 

The  samples  equilibrated  at  50%  RH  can  be  easily  tested  in  the  Instron 
since  the  whole  room  is  controlled  to  those  conditions.  However,  wood  is 
very  hygroscopic  and  would  rapidly  absorb  moisture  after  being  vacuum  dried 
if  placed  in  these  conditions.  The  dry  tensile  samples  were  vacuum  dried  in 
a  vacuum  environmental  chamber  which  was  then  backfilled  with  dry  nitrogen. 
The  samples  were  then  sealed  in  plastic  bags  under  dry  nitrogen  while  still 
in  the  chamber.  These  bags  provide  a  temporary  water  free  environment  in 
which  the  dry  samples  can  be  transported  to  the  testing  facility  four  miles 
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The  bagged  samples  along  with  all  necessary  accessories  were  placed 
in  an  environmental  box  mounted  in  the  Instron  test  machine  such  as  to 
enclose  the  immediate  test  area.  The  box  was  made  of  plywood  with  styro¬ 
foam  insulaiton.  A  plexiglass  front  plate  contained  two  rubber  gloved 
access  ports  to  permit  manipulation  within  the  box.  The  box  was  sealed, 

with  a  valve  and  port  for  admitting  dry  nitrogen  on  one  side  and  an  exhaust 

port  and  pressure  release  on  the  other.  The  box  was  flushed  vn’th  dry  nitro¬ 
gen  to  less  than  10%  RH  and  maintained  as  such  during  the  test.  The  dry 
samples  were  measured  to  gain  0.4%  moisture  content  per  hour  outside  in 

50%  RH  air.  However,  they  were  in  the  environmental  chamber  at  less  than 

10%  RH  for  less  than  20  minutes  before  testing,  and  as  such  would  absorb 
less  than  0.1%  moisture.  Longer  tests  would  have  to  be  maintained  under 
lower  relative  humidity. 

Density  and  Moisture  Content 

Both  density  and  strength  are  needed  to  evaluate  the  intrinsic  energy 
density  of  the  material.  It  is  also  necessary  to  evaluate  the  actual  moisture 
content  of  the  specimens  tested,  especially  the  vacuum  dried  samples,  to 
ensure  proper  conditioning  and  testing.  Immediately  after  testing,  a  coupon 
28  mm  (1-1/8")  square  was  cut  from  each  sample  and  weighed.  Samples  were 
exposed  to  the  moist  air  for  less  than  five  minutes  before  weighing.  The 
coupons  were  then  placed  in  an  oven  and  dried  at  105°C  to  constant  weight 
(2-4  days).  Coupons  were  then  reweighed  and  the  initial  moisture  content 
calculated.  The  coupon  volume  was  determined  by  first  coating  the  samples 
with  a  thin  coat  of  wax.  The  differential  weight  caused  by  immersing  the 
coupon  in  a  beaker  of  water  is  determined  and  the  volume  of  the  coupon  cal- 
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culated  assuming  a  density  of  1  Mg/m  for  the  water,  displaced.  The  dry 
density  of  the  sample  is  thus  calculated. 

Results 

The  results  of  the  tensile  tests  of  the  Finnish  Baltic  birch  are  shown 
in  Figures  14,  15  and  16  for  tests  0°,  90°  and  45°  to  the  face  veneers  res¬ 
pectively.  The  samples  were  sorted  numerically  according  to  their  tested 
strength  and  the  strength  plotted  versus  rank.  The  means  and  standard 
deviations  for  both  the  vacuum  dried  samples  and  those  equilibrated  to  50% 

RH  are  summarized  in  Table  1.  The  results  indicate  that  this  commercially 
available  material  has  very  large  distributions  of  strengths  with  standard 
deviations  ranging  from  12  to  22%.  As  initially  anticipated,  there  was  a 
significant  drop  in  the  tensile  strength  after  vacuum  drying  the  plywood, 
ranging  from  5  to  20%.  This  drop  ranges  from  25  to  102%  of  the  standard 
deviation  of  the  strengths  respectively.  The  few  samples  with  very  low 
tensile  strengths  could  probably  be  readily  detected  through  nondestructive 
testing  methods  or  eliminated  through  proof  testing. 

Note  also  that  the  strength  of  the  plywood  at  45°  to  the  plies  is  29.0% 
and  30.5%  of  the  mean  tensile  strength  of  the  parallel  and  perpendicular  dir¬ 
ections  for  material  equilibrated  at  50%  RH  and  that  vacuum  dried  respectively. 
This  compares  with  16.6%  predicted  theoretically  by  superimposing  the  strengths 
of  veneers  calculated  from  Hankinson's  formula  (16). 

ol  I  *  cl 

—  1 . 5  £  n  £  2 

I  *  sin*^0  +  crj_  '  cos  6 

where  a|  |  and  aj_  are  the  veneer  strengths  parallel  and  perpendicular  to  the 
grain,  and  e  is  the  angle  with  respect  to  the  grain.  The  value  of  n  was 
chosen  as  2.  This  indicates  that  there  is  some  benefit  from  laminating,  but 
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Figure  14.  Tensile  Strength  of  0°,  90°  Finnish  Birch  Plywood  Parallel  to  Face  Veneers 
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igure  15.  Tensile  Strength  of  0  ,  90  Finnish  Birch  Plywood  Perpendicular  to  Face  Veneer  Gra 


Figure  16.  Tensile  Strength  of  0°,  90°  Finnish  Birch  Plywood  at  45°  to  Veneer  Grain 


TABLE  1.  TENSILE  STRENGTH  OF  9  PLY  1/2"  FINNISH  BIRCH  PLYWOOD 
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The  ratio  of  the  strengths  at  ^5^  to  the  average  parallel  and  normal  is 


a  more  complete  analysis  is  needed  for  accurate  estimates  (17). 

Using  similar  calculations,  plywood  made  with  a  0°,  60°,  -60°  should 
have  a  theoretical  strength  along  the  directions  90°,  30°,  -30°  of  25.6% 
of  that  along  one  of  the  veneer  directions.  This  is  a  54%  improvement  over 
the  situation  with  0°,  90°  plywood.  Tests  of  the  custom  made  birch  plywood 
of  this  configuration  are  shown  in  Figures  17-20.  The  results  are  summarized 
in  Table  2.  Note  that  the  mean  strength  and  intrinsic  specific  energy 
values  perpendicular  to  the  face  grain  (90°)  are  54,8%  and  52.7%, 
respectively,  of  their  corresponding  values  parallel  to  the  face  grain 
(0°).  These  percentage  relationships  represent  an  approximate  88% 
improvement  in  performance  going  from  the  cross  ply  configuration  to  the 
hexagonal  configuration  for  the  weakest  direction  in  the  plywood.  The 
properties  in  this  weakest  direction  are  expected  to  correlate  best  with 
actual  spin  burst  tests  of  disks  of  such  pseudoisotropic  material.  Some 
reported  spin  tests  of  E-glass  pseudoisotropic  disks  resulted  in  pseudo¬ 
isotropic  strengths  34.6%  and  45.6%  of  the  uniaxial  strengths,  respective¬ 
ly,  for  cross  ply  and  hexagonal  ply  construction  (7).  This  was  a  32% 
improvement  for  the  tests  performed. 

The  initial  tests  of  the  hexagonal  plywood  show  a  drop  in  strength  when 
the  material  is  vacuum  dried  similar  to  the  conventional  cross  ply  plywood. 
(See  Figure  17).  Part  of  this  may  be  due  to  prestressing  the  material  due  to 
differential  shrinkage.  This  effect  is  shown  in  the  samples  of  the  hexagonal 
plywood  warping  when  they  are  vacuum  dried.  This  situation  exists  because 
the  hexagonal  plywood  has  a  helical  geometry  as  compared  to  the  cross  ply 
material  which  is  symmetrically  constructed  and  does  not  exhibit  such  warp¬ 
ing,  The  magnitude  of  this  twisting  effect  is  expected  to  be  proportional 
to  the  change  in  moisture  content  from  when  it  was  manufactured  to  after  it 
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Figure  17.  Tensile  Strength  of  Hexagonal  16  Ply  Yellow  Birch 
Plywood  Perpendicular  to  the  Face  Veneer  Grain 
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Figure  19.  Tensile  Strength  of  Hexagonal  Yellow  Birch 
Plywood  Parallel  to  the  Face  Veneer  Grain 


Intrinsic  Specific  Energy  Distribution  of 
Yellow  Birch  Plywood  Parallel  to  the  Face 


TABLE  2.  TENSILE  STRENGTH  OF  16  PLY  1/2"  HEXAGONAL  YELLOW 
BIRCH  PLYWOOD  AND  ITS  INTRINSIC  SPECIFIC  ENERGY 
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The  ratio  of  the  mean  strengths  perpendicular  to  parallel  at  50%  RH  is  54.8%.  The  ratio  of  the 
Intrinsic  Specific  Energies  perpendicular  to  parallel  at  50%  RH  is  52.7%. 


is  dried.  The  plywood  should  therefore  be  manufactured  with  as  low  a  mois¬ 
ture  content  as  is  practical. 

The  standard  deviations  of  the  strengths  of  the  custom  made  hexagonal 
birch  plywood  are  considerably  smaller  than  that  of  the  commercially  avail¬ 
able  conventional  birch  plywood.  See  Table  2.  Furthermore,  the  samples  cut 
from  the  same  board  have  strengths  that  are  grouped  much  closer  together. 

This  could  indicate  that  there  are  significant  differences  in  the  material 
used  in  the  construction  or  changes  in  the  bonding  procedures  as  to  quantity 
of  adhesive  or  its  curing.  The  very  low  measurements  came  from  boards  which 
could  probably  be  detected  by  use  of  non-destructive  means  such  as  flexural 
modulus  measurements.  This  would  leave  the  remainder  of  the  boards  with  a 
standard  deviation  of  less  than  S%.  These  effects  can  be  examined  further 
in  testing  the  remaining  boards. 

One  unexpected  factor  in  the  results  is  that  the  strengths  of  crossply 
plywood  tested  parallel  to  the  face  grain  was  only  3%  stronger  than  the  same 
material  tested  perpendicular  to  the  face  grain  at  50%  RH,  and  actually  13% 
weaker  after  vacuum  drying.  This  compares  with  a  25%  increase  in  strength 
initially  anticipated  on  the  basis  that  the  9  ply  material  has  5  or  4  veneers 
parallel  to  the  tensile  stress  direction  respectively.  This  may  be  an  artifact 
of  small  sample  size,  and  should  be  clarified  on  further  testing.  Alternately 
it  could  be  an  inherent  feature  of  plywood  tests  in  that  the  material  is 
gripped  and  stressed  from  the  outer  surfaces.  This  could  cause  the  face 
veneers  to  fail  sooner  than  the  interior  veneers  when  stressed  parallel  to 
the  grain  due  to  the  higher  stiffness  compared  with  the  cross-grain  direction. 

A  third  possible  cause  could  be  in  the  application  of  high  temperatures  in 
hot  pressing  during  manufacture.  This  might  either  degrade  the  material  or 
cause  poor  bonding  through  premature  pressure  release. 


51 


In  an  attempt  to  identify  the  cause  of  these  results,  some  birch  ply¬ 
wood  was  specially  ordered  (18).  The  nominally  half  inch  conventional  0°, 

90°  plywood  was  made  up  of  15  plies  of  0.9  mm  (1/28")  veneers.  Part  of  the 
boards  were  made  using  a  cold-press  urea  adhesive  with  the  balance  made 
using  a  conventional  hot  press  resorcinal  adhesive.  A  larger  number  of 
samples  was  also  planned.  This  material  has  been  received  and  is  available 
for  future  testing  in  subsequent  programs. 

This  series  of  tensile  tests  and  density  measurements  has  provided 
some  of  the  fundamental  information  on  the  distribution  of  strengths  of 
plywood  that  is  necessary  to  be  able  to  use  plywood  in  such  an  engineering 
application  with  a  given  confidence  level.  The  broad  distribution  seen  in 
conventional  commercially  available  plywood  was  substantially  reduced  in 
custom-made  clear  hexagonal  plywood.  The  strength  of  this  hexagonal  yellow 
birch  plywood  in  the  weakest  region  bisecting  adjacent  plies  was  also  double 
that  of  the  conventional  crossply  imported  birch.  Vacuum  drying  the  plywood 
reduced  the  strengths  on  the  order  of  10%  as  was  anticipated  from  trends 
observed  in  related  literature. 

While  the  general  trend  has  been  established,  more  data  is  needed  to 
obtain  more  statistically  accurate  measures  of  the  performance  and  changes. 
This  is  particularly  important  at  the  low  strength  end  of  the  distribution 
where  the  design  parameters  must  be  set.  More  careful  control  is  needed  of 
the  moisture  and  density  measurements  so  that  the  intrinsic  specific  energy 
of  the  material  can  be  evaluated.  Otherwise  the  testing  method  and  equipment 
has  been  developed,  and  further  testing  should  proceed  rapidly. 
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B.  HIGH  RESOLUTION  TENSILE  TESTING  WITH  ACOUSTIC  EMISSION  MEASUREMENTS 

Conventional  ramp  or  fatigue  tensile  tests  typically  produce  data  only 
on  the  stress  at  fracture  or  the  duration  of  a  stress  cycle  before  fracture. 
Typically  numerous  lengthy  tests  must  be  performed  over  some  length  of  time. 
This  is  particularly  true  if  sufficiently  accurate  data  is  to  be  obtained 
to  extrapolate  results  to  the  ultimate  duration  of  load  over  the  projected 
operating  stress  conditions.  It  would  be  useful  if  information  on  the  rate 
of  fracture  as  a  function  of  stress  could  be  obtained  during  short  term  tests. 
The  ultimate  strength  and  duration  of  load  could  presumably  be  inferred  from 
such  data. 

There  is  some  evidence  in  the  literature  which  indicates  that  the  rate 
of  permanent  deformation  or  damage  increases  rapidly  when  stressed  above  a 
given  value  which  is  approximately  50%  of  the  short  term  strength  (3).  This 
is  also  the  approximate  stress  level  that  is  projected  to  be  sustainable  over 
30  years  or  longer.  If  this  level  could  be  reliably  measured  in  a  short  term 
test  and  be  correlated  with  the  long  term  strength,  it  would  greatly  simplify 
the  efforts  of  measuring  the  useable  strength  for  new  species  or  moisture 
conditions. 

The  concept  of  a  proportional  limit  as  the  beginning  of  major  plastic 
deformation  and  material  damage  is  widely  used  in  metal  testing.  Such  con¬ 
ventional  analysis  of  load  deformation  curves  is  difficult  to  apply  to  wood 
since  it  exhibits  considerable  viscoelasticity.  Any  estimate  of  a  proportional 
limit  based  on  a  given  offset  or  graphical  estimation  by  an  operator  is 
dependent  on  the  rate  at  which  the  test  was  conducted  and  is  not  an  inherent 
absolute  material  property.  Furthermore,  the  nonlinearity  in  a  typical  tensile 
load -deformation  graph  is  only  on  the  order  of  1%.  Imaginative  and  painstaking 
tests  have  therefore  been  required  to  separate  the  effects  of  recoverable 
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viscoelastic  response  in  the  wood  from  irrecoverable  viscous  permanent  de¬ 
formation  or  creep.  Some  tests  involve  a  cycle  of  loading  and  then  unloading 
the  material  to  determine  the  residual  deformation.  This  is  plotted  as  a 
function  of  stress  to  observe  any  rapid  increase  in  the  parameter.  Ivanov, 
for  instance,  used  a  constant  rate  of  loading  and  unloading  to  constantly 
increasing  levels  (23).  The  residual  deformation  at  the  bottom  of  each  cycle 
was  plotted  against  stress.  Sugyama  monitored  the  creep  rate  as  a  function 
of  time  for  different  stress  levels  (24).  The  creep  rate  after  a  given  time 
was  plotted  versus  stress  and  showed  a  break  in  the  curve. 

In  other  tests  acoustic  emissions  occurring  in  the  sample  during  a  tensile 
test  have  been  monitored.  The  rates  of  acoustic  emissions  also  show  a  rapid 
increase  after  the  stress  reaches  a  certain  level  (25).  Very  few  such  tests 
have  been  made  on  wood  (26).  If  the  acoustic  emissions  are  caused  by  failure 
of  individual  tracheids,  this  presumably  indicates  damage  to  the  material. 
Furthermore  the  sample  would  become  more  flexible  as  well  as  weaker.  If 
there  were  no  viscoelastic  deformation,  the  load  deformation  curve  would 
presumably  curve  at  higher  stresses  as  the  modulus  of  the  material  was  reduced. 
The  viscoelastic  deformation  may  also  increase  more  rapidly  as  a  result. 
Accurate  analysis  of  the  slope  of  the  load  deformation  curve  may  therefore 
reveal  a  rapidly  changing  rate  of  curvature  above  a  certain  stress  region. 

It  was  therefore  proposed  to  conduct  an  exploratory  study  of  the  non¬ 
linearity  of  the  load  deformation  curve  coupled  with  monitoring  the  acoustic 
emissions.  These  would  be  compared  with  the  stress  and  the  long  term  dura¬ 
bility  to  see  if  some  correlation  could  be  made. 

Examining  the  system  using  a  first  order  analysis,  the  spring  constant 
of  the  sample  can  be  considered  as  made  up  of  a  series  of  groups  of  fibers  in 
parallel.  The  change  of  the  overall  spring  constant  is  thus  related  to  the 
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fracture  of  the  component  fibers.  The  acoustic  energy  released  when  those 
fibers  are  broken  is  proportional  to  the  stiffness  of  the  fibers  times  the 
square  of  the  strain  at  failure.  If  the  fibers  are  hypothesized  to  fail  at 
equal  strains,  then  the  acoustic  energy  released  should  be  proportional  to 
the  stiffness  of  the  fibers  broken.  The  power  present  in  the  acoustic 
emission  signal  being  monitored  by  an  ultrasonic  sensor  is  proportional  to 
the  square  of  the  signal.  Ignoring  side  effects,  nonlinearities,  damping, 
resonances,  etc.,  it  is  hypothesized  that  the  integration  of  the  square  of 
the  acoustic  emission  signal  will  be  proportional  to  the  change  in  stiffness 
or  modulus  of  the  tensile  sample  during  the  test.  (See  Figure  21.)  Both 
are  expected  to  increase  more  rapidly  with  stress  above  a  given  stress  region 
which  could  correlate  with  the  long  term  strength.  High  resolution  measure¬ 
ments  of  the  load  deformation  curve  coupled  with  the  acoustic  emissions 
were  therefore  proposed.  The  equipment  to  perform  these  tests  was  specified 
or  designed  and  procured  or  built  as  follows.  (See  Figure  21.) 

B. 1 .  Equipment 

The  combined  requirements  of  high  resolution,  accuracy  and  speed  in 
sampling  data  during  a  standard  tensile  test  precludes  taking  data  by  con¬ 
ventional  chart  recorder  or  by  hand.  Therefore,  a  micro-computer  based  data 
acquisition  system  was  chosen  to  monitor  and  record  the  data,  and  to  provide 
the  preliminary  data  manipulation  and  reduction.  The  curvature  seen  in  con¬ 
ventional  tensile  tests  is  on  the  order  of  1-2%,  part  of  which  is  due  to  the 
recording  equipment.  In  order  to  resolve  the  nonlinear  effects  to  the  1% 
level,  an  equipment  precision  and  accuracy  of  0.01%  was  chosen.  This  is 
considerably  more  stringent  than  most  equipment  available  for  stress  and 
strain  measurements. 
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Figure  21.  High  Resolution  Plywood  Tensile  and  Acoustic  Emission 
Tests  at  University  of  Minnesota,  1979 


Microcomputer  —  Obtaining  data  with  0.01%  resolution  requires  14  bit  binary 
data  to  be  measured  and  recorded  (1  part  in  16,384).  Microcomputers  with 
8  bit  words  would  require  two  words  per  number,  making  data  handling  awkward 
and  slow.  Therefore,  a  microcomputer  with  16  bit  words  was  chosen.  For¬ 
tunately  there  are  a  large  number  of  Digital  Equipment  Corporation  PDF  11- 
family  computers  at  the  University  of  Minnesota  including  a  rapidly  growing 
number  of  Teraks  which  utilize  DEC'S  LSI-11  microprocessor.  Digital  Equip¬ 
ment  Corporation's  PDP  11-03  with  this  LSI-11  was  therefore  chosen  and 
obtained  from  a  local  company  which  offered  us  an  unused  system  (for  this 
project)  substantially  below  the  list  price. 

Digitizer  --  Most  digitizers  currently  on  the  market  only  have  a  resolution 
of  12  bits,  which  would  be  insufficient  for  the  goal  of  0.01%  resolution. 

A  sixteen  channel  multiplexed  14  bit  digitizer  board  #1014  was  located  and 
obtained  from  the  ADAC  Corporation.  This  is  a  dual  width  board  which  slides 
into  the  PDP  11-03  backplane. 

Real  Time  Clock  --  To  provide  an  accurate  time  base  to  trigger  the  measurements, 
a  real  time  clock  #8T2769  on  a  dual -width  board  was  obtained  from  Data  Trans¬ 
lation  Inc. 

Patch  Panel  --  Unwanted  noise  in  the  lines  becomes  significant  when  working  at 
14  bit  resolution  (0.5  mV  in  lOV).  Therefore  the  connecting  cables  were  made 
from  two  conductor  shielded  cable  with  three  pin  amphenol  connectors  which  are 
commonly  used  in  audio  systems.  A  sixteen  channel  patch  panel  with  these 
receptacles  was  constructed  to  connect  the  signals  to  the  A/D  board. 
Instrumentation  Amplifiers —  The  digitizers  require  a  lOV  full  scale  signal 
while  load  cells  typically  provide  a  signal  on  the  millivolt  level.  Instru¬ 
mentation  amplifiers  of  the  required  accuracy,  stability,  and  nonlinearity  were 
not  found  at  an  acceptable  price.  Therefore  instrumentation  amplifier  modules 
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#606J  from  Analogue  Devices  were  obtained.  These  were  mounted  on  printed 
circuit  boards  along  with  the  gain  resistors  and  trim  pots.  The  gain  resis¬ 
tors  were  0.1%  with  25  ppm  temperature  coefficient.  Each  resistor  was  connected 
to  a  trim  pot  to  be  able  to  adjust  it  to  within  0.01%.  Since  the  data  was 
being  recorded  in  octal  format,  a  binary  sequence  of  gain  resistors  was  chosen 
ranging  from  2^  to  2^^.  The  printed  circuit  boards  were  mounted  on  a  panel  con¬ 
taining  the  input/output  and  zero  reference  connectors  along  with  the  gain 
switch,  A  null  trimming  pot  and  a  signal  reversing  switch  were  also  provided 
on  the  front  panel  along  with  a  zero-offset  reference  voltage  switch.  The 
latter  was  provided  with  octal  division  of  +  lOV  and  connected  to  a  Dekapot 
or  pair  of  potentiometers  in  series  placed  on  an  adjacent  panel. 

Reference  Potential  —  A  +  lOV  reference  voltage  was  provided  with  the  power 
supply  to  the  rear  bus  of  the  amplifier  panel.  The  reference  lines  were  pro¬ 
vided  with  Darlington  transistors  to  provide  sufficient  current  to  drive  the 
load  cells.  They  were  also  divided  through  a  four  stage  octal  divider  to 
provide  a  simple  means  of  changing  ranges  in  the  reference  offset  as  well  as 
the  gain. 

Extensometer  -  The  extensometer  available  had  a  number  of  linkages  and  pivots 
moved  by  gravity.  Some  difficulty  was  experienced  operating  this  equipment 
as  well  as  there  being  uncertainty  as  to  its  accuracy  and  linearity.  A  simple 
extensometer  was  therefore  designed  which  had  only  one  knife  edge  pivot  and  in 
which  the  core  of  the  LVDT  was  spring  actuated.  The  unit  was  supported  by  knife 
edges  to  the  sample.  A  gage  block  between  the  two  knife  edges  would  be  used  to 
provide  the  initial  positioning.  The  wood  samples  strain  approximately  1% 
at  failure.  With  a  50  mm  (2  inch)  gage  length  the  total  travel  of  the 
extensometer  would  be  0.5  mm  (0.02  in).  An  ultra  precision  LVDT  was  therefore 
ordered  from  Schaevitz  Engineering  which  had  a  nominal  range  of  +  0.050  in. 
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It  has  a  nominal  nonlinearity  of  0.1%  which  could  be  calibrated  and  accounted 
for  later. 

Programs  -  An  assembly  language  program  has  been  written  to  acquire  and  record 
the  data.  This  program  can  specify  the  channel  number,  order  and  frequency  with 
which  the  data  is  to  be  taken.  The  stress  and  strain  data  are  alternately  taken 
and  then  averaged  every  sixteen  points.  This  helps  remove  noise  and  improve  the 
resolution  four  times  to  give  full  16  bit  significance  to  the  data,  assuming 
major  effects  do  not  occur  within  this  time.  Using  this  approach,  200  pairs  of 
averaged  points  can  be  recorded  on  floppy  disk  each  second.  Over  a  five  minute 
run,  this  would  result  in  60,000  pairs  of  points.  To  measure  the  slope,  a 
least  squares  fit  will  be  made  every  hundred  points  for  instance.  Alternately, 
deviations  from  the  initial  slope  could  be  portrayed.  Periodically  a  set  of 
reference  points  will  be  monitored.  These  would  provide  a  check  on  the  drift 
of  the  amplifiers  and  reference  voltages.  The  temperature  of  the  sample  could 
similarly  be  monitored.  The  program  also  provides  a  visual  monitor  of  the  progress 
of  the  test  by  displaying  it  on  the  CRT  when  used  with  a  TERA K microcomputer. 

Load  Cells  -  The  load  cells  that  are  available  with  the  Instron  testing 
equipment  in  the  Forestry  Department  are  over  15  years  old  and  are  only  specified 
to  0.1%.  Although  it  may  be  possible  to  calibrate  these,  it  will  be  necessary 
to  purchase  a  high  accuracy  load  cell  if  the  hysteresis  and  drift  are  too  great. 
(Such  cells  with  0.01%  nonlinearity  are  available  from  Interface,  Inc.) 

Acoustic  Emissions:  Sensors  -  Early  tests  of  acoustic  emissions  of  wood  used 
simple  accelerometers,  and  all  information  above  7  kHz  was  filtered  out. (25) 

More  recently  conventional  ultrasonic  acoustic  emission  apparatus  was  applied 
to  test  finger  joints. (26)  In  this  case  all  information  below  125  kHz  was 
filtered  out.  Some  information  existed  above  this  though  a  frequency  power- 
analysis  indicated  that  most  of  the  information  was  below  this  point.  Little 
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exists  in  the  way  of  sensors  to  monitor  emissions  in  the  range  from  10  kHz  to 
100  kHz  with  the  sensitivity  desired  for  such  testing.  Piezoelectric 
crystals  with  a  resonance  at  65  kHz  were  therefore  obtained.  These  will  be 
complemented  with  conventional  accelerometers  which  typically  have  a  reso¬ 
nance  around  30  kHz  and  with  some  low  frequency  ultrasonic  sensors  with  a 
resonance  at  125  kHz.  The  National  Bureau  of  Standards  is  currently  develop¬ 
ing  absolute  calibration  methods  for  use  in  the  conventional  ultrasonic  range 
from  100  kHz  to  1  MHz.  These  may  be  extended  down  to  the  range  of  interest 
here. 

To  record  the  acoustic  emissions,  some  instrumentation  tape  recorders 
(CDC  PR3300  made  in  1963)  were  obtained  through  Sandia  Labs  from  equipment 
placed  on  the  Federal  surplus  equipment  list.  These  recorders  have  a  nominal 
bandwidth  up  to  100  kHz  in  the  direct-record  mode  at  60  ips.  They  can  also 
be  operated  at  1  7/8  ips  by  changing  belts.  It  was  planned  to  record  that 
data  at  full  speed  and  then  play  it  back  at  the  slowest  speed  to  digitize  it 
with  the  available  digitizers  in  the  data  logging  equipment.  However,  when 
the  recorders  arrived,  they  only  had  the  high  speed  belt  set.  New  belts  were 
quoted  by  Bell  and  Howell  as  requiring  six  months  to  deliver.  Furthermore, 
the  signal  to  noise  ratio  was  35  dB  at  best  under  signal  condition. 

To  bypass  these  difficulties,  a  high  speed  digital  integrating  circuit 
was  designed,  and  the  parts  ordered.  A  high  speed  sample-and-hold  chip  and  a 
12  bit  digitizing  chip  were  ordered  to  digitize  the  acoustic  emission  signal 
with  a  throughput  of  500  kHz.  This  corresponds  to  a  65  dB  signal -to-noise 
ratio  indicating  that  the  limiting  factor  will  probably  be  noise  in  the  sen¬ 
sors  and  amplifiers.  If  the  data  is  taken  at  a  constant  rate  and  summed,  it 
will  essentially  provide  a  digital  integration  of  the  signal.  A  TRW#TDC 
lOlOJ  chip  that  can  multiply  and  accumulate  two  16  bit  numbers  in  a  tenth  of 
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a  microsecond  was  ordered.  By  feeding  the  digitized  signal  at  a  constant 
rate  to  both  inputs,  the  chip  squares-and-integrates  the  signal.  The  output 
is  then  shifted  to  obtain  the  most  significant  16  bits  of  the  32  in  an  output 
register  that  can  then  be  read  via  the  microcomputer  via  a  parallel  input 
port.  All  the  chips  have  been  acquired  except  the  sample-and-hold  and  digit¬ 
izer.  The  order  for  these  was  misplaced  during  a  company  merger  delaying  the 
chips  delivery  three  months.  In  the  meantime,  belts  for  the  recorders  were 
obtained  on  loan  from  another  surplus  house  in  California.  These  will  enable 
the  acoustic  emission  signal  to  be  recorded  and  played  back  at  slower  speed 
as  originally  planned.  This  will  prove  valuable  to  permit  a  frequency 
analysis  of  the  signal,  thereby  clarifying  the  region  from  7  kHz  to  100  kHz 
which  has  not  been  monitored  before.  Sensors  with  appropriate  resonance  can 
then  be  chosen  to  match  the  sensors  maximum  sensitivity  to  the  strongest 
frequency  of  the  signal. 

Resolution  and  sensitivity  in  much  acoustic  emission  research  have  been 
limited  by  noise  transmitted  from  the  machine  through  the  grips  or  directly 
through  the  air.  Noise  from  the  test  equipment  has  been  effectively  elim- 
wated  by  introducing  an  acoustic  isolator  consisting  of  multiple  layers  of 
metal  and  polymer  in  between  the  machine  and  the  grips. (27)  Wedge  grips 
incorporating  this  principle  were  therefore  designed.  On  reviewing  the 
original  design,  it  was  realized  that  they  would  crush  the  sample.  The 
wedge  angle  must  be  increased  from  that  existing  on  commercial  grips. 

Anechoic  foam  was  obtained  to  line  the  inside  of  the  environmental  box  that 
fits  the  Instron  test  equipment.  This  should  reduce  the  amount  of  room 
noise  being  picked  up  by  the  sensors. 

The  instrumentation  amplifiers  have  been  built  and  calibrated.  The 
equipment  and  programs  are  therefore  ready  to  begin  monitoring  the  load  and 
deformation,  and  the  acoustic  emissions  can  be  recorded  by  the  tape 
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recorders.  Time  limitations  precluded  any  further  measurements  in  this  task. 
These  can  be  made  in  subsequent  programs  with  little  further  effort.  The 
acoustic  emission  measurements  could  be  considerably  improved  as  soon  as  the 
digital  integration  equipment  and  the  acoustically  isolated  wedge  grips  are 
made. 

Thus  the  equipment  needed  for  high  resolution  data  acquisition  using  a 
microprocessor  has  been  obtained.  Equipment  was  also  designed  and  the  parts 
ordered  to  monitor  and  digitally  integrate  acoustic  emission  signals  up  to 
100  kHz  which  should  give  unparalleled  performance.  Measurement  of  the  load, 
deformation  and  acoustic  emissions  to  this  accuracy  and  resolution  should 
enable  future  measurements  of  the  change  in  elasticity  and  damage  rates  in 
tensile  samples.  This  unprecedented  capability  could  be  applied  to  Kevlar, 
fiberglass  and  other  composites  as  well  as  wood,  opening  up  a  new  realm  of 
durability  measurements. 

C.  TENSILE  FATIGUE  TESTS  OF  PLYWOOD 

A  typical  stationary  flywheel  energy  storage  system  may  be  designed  for 
a  life  of  30  years  of  diurnal  cycling  or  10,000  cycles.  The  cyclic  nature 
of  the  stress  affects  the  durability  of  the  rotor  through  fatigue.  The 
actual  nature  of  the  effects,  however,  is  not  clear  from  data  existing  in 
the  literature,  particularly  for  vacuum  dried  plywood. 

Conventional  fatigue  tests  of  wood  on  a  rapid  cyclic  fatigue  machine 
have  been  performed  and  show  that  wood  is  quite  durable. (28,29)  The  damping 
or  internal  friction  results  in  considerable  heating  in  the  sample.  This  is 
significant  since  wood  as  a  viscoelastic  material  exhibits  a  creep  rate  that 
is  exponentially  proportional  to  the  absolute  temperature.  The  creep  under 
constant  stress  also  degrades  the  material.  Constant  creep  has  been  shown 
to  be  more  detrimental  than  daily  applying  and  removing  the  stress  up  to 
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several  hundred  cycles. (24)  This  indicates  that  the  duration  under  stress 
may  be  more  significant. 

This  concept  has  been  developed  recently  in  the  form  of  several  damage 
theories. (30,31 )  These  theories  use  a  relation  between  the  stress  and  the 
damage  rate  and  integrate  it  over  the  expected  stress  history.  To  obtain 
data  as  to  the  effects  of  fatigue  and  stress  on  vacuum  dried  plywood,  it  was 
proposed  to  study  such  fatigue  on  an  available  cyclic  fatigue  machine.  Com¬ 
parable  tests  would  be  run  at  ambient  conditions  to  compare  the  results  with 
other  studies.  Four  or  five  decades  of  time  could  reasonably  be  tested  on 
such  a  machine  if  stresses  were  chosen  to  give  mean  times  to  failure  of  0.1 
hr  (6  min),  1  hr,  10  hrs,  and  100  hrs  (4  days).  These  could  be  compared  with 
the  ramp  tests  on  the  Instron  which  could  be  performed  in  0.01  hr  (0.5  min). 

To  simulate  a  speed  ratio  of  1:3,  a  fluctuating  load  would  be  chosen  so  that 
the  minimum  to  maximum  load  ratio  is  1:9. 

A  pseudoisotropic  cellulosic  rotor  will  probably  use  a  hexagonal  assembly 
where  the  veneer  directions  are  0°,  60°,  and  -60°.  The  weakest  region  of  the 
plywood  is  probably  the  region  bisecting  the  grain  direction  in  adjacent 
plies,  i.e.,  perpendicular  to  the  face  grain  where  the  angle  to  the  veneers  is 
90°,  30°,  and  -30°,  respectively.  Due  to  the  length  of  the  tests,  it  was 
decided  to  concentrate  initially  on  this  direction  using  the  vacuum  dried  cus¬ 
tom  made  hexagonal  birch  plywood.  The  samples  to  be  tested  in  tensile  fatigue 
are  identical  to  those  used  in  the  ramp  tensile  tests.  The  testing  must  be 
done  in  a  controlled  atmosphere  of  dry  nitrogen  or  50%  RH. 

Equipment  -  The  cyclic  fatigue  test  machine  available  to  the  project  was 
developed  by  B.  J.  Lazan  at  Syracuse  University  and  is  one  of  a  number  fabri¬ 
cated  and  used  by  the  Aeronautical  Engineering  Department  at  the  University  of 
Minnesota. (32)  (See  Figure  22.)  The  machine  uses  an  adjustable  eccentric 
weight  driven  by  a  synchronous  electric  motor  at  3600  rpm  (60  Hz)  to  produce 
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Figure  22.  Syracuse  Dynamic  Creep  and  Fatigue 

Testing  Machine  @  University  of  Minnesota 
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a  fluctuating  load.  A  pair  of  springs  is  used  to  maintain  a  tensile  preload 
on  the  sample. 

The  machine  automatically  maintains  the  preset  preload-spring  extension 
by  lowering  the  bottom  spring  support  in  the  advent  of  extension  of  the 
sample  due  to  elasticity  or  creep.  Failure  of  the  sample  causes  the  eccentric 
cage  to  contact  a  micro  switch  which  shuts  off  the  power  and  applies  a  brake. 

The  load  applied  to  the  sample  was  described  as: 

*^mx  ~  *^p  ^  ^a 

Fav  '  Fp 

F  =  F  -  F, 
mn  p  a 


where  F  =  maximum  load  applied 
mx 

F^^  =  average  load  applied 

F  „  minimum  load  applied 
mn  = 

F  =  spring  preload 

r 

F  =  alternating  eccentric  force 

These  equations  hold  for  relatively  stiff  materials  such  as  steel  or 
aluminum  which  have  a  Young's  modulus  E  in  the  range  of  71  -  210  GPa 
(10-30  Mpsi).  Birch  plywood  by  comparison  has  an  modulus  on  the  order  of 
3.5  GPa  (0.5  Mpsi),  which  complicates  the  equations.  The  flexibility  of 
the  wood  requires  two  corrections: 

1)  The  fluctuating  load  causes  a  significant  displacement  of  the 

eccentric  cage.  At  the  bottom  and  top  of  the  cycle  these  displacements  are 

in  series  with  the  preload  spring,  changing  the  load  they  apply.  The 

mechanism  which  maintains  the  constant  spring  extension  will  cause  the  maximum 

load  to  remain  at  F  =  F„  +  F,,  but  the  average  and  minimum  loads  F  and 

mx  p  a  av 

F  will  have  different  values, 
mn 

2)  The  flexibility  of  the  wood  drastically  lowers  the  spring  constant 
of  the  system  and  therefore  lowers  the  natural  resonance  frequency  of  the 
spring  mass  system.  Initial  calculations  have  shown  a  natural  frequency 
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of  approximately  80  Hz  compared  to  a  driving  frequency  of  60  Hz,  resulting 
in  a  transmissibility  significantly  greater  than  unity.  The  actual  trans- 
missibility  depends  on  the  spring  constant  and  damping  coefficient  of  the 
particular  sample  being  tested. 

The  corrected  load  equations  resulting  from  including  these  effects 
are  as  follows.  (The  derivations  are  shown  in  the  Appendix) 

They  are: 


Fav  =  fp  " 

where  the  maximum  alternating  cage 
displacement  is  given  by 

a 

*a  '  T  (F^/^  +  1^) 

m 


motion  transmissibility 


Actual  Displacement 
Static  Displacement 


K  =  spring  constant  of  wood  sample  N/m  (Ibsf  /in) 
w 

1^  =  spring  constant  of  preload  springs  N/m  (Ibsf /in) 

The  eccentric  is  adjusted  to  give  an  alternating  force 
relative  to  the  maximum  and  minimum  forces  as  given  by; 


(F  -  F  ) 

'  mx  mn ' 


Similarly  the  preload  spring  extension  is  set  so  that: 

F  =  F  -  F 
p  mx  a 

As  seen  from  the  preceding  equations  the  parameters  1^,  1^,  must  be 
determined  to  set  the  test  loadings. 

The  preload  spring  constant  was  readily  measured  by  placing  a  load 
cell  in  the  machine  in  place  of  a  sample  and  measuring  the  load  at  several 
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preload-spring  extension  settings. 

The  spring  constant  varies  between  samples  as  static  tensile  tests  have 
shown. 

To  obtain  accurate  fatigue  data,  K  would  have  to  be  evaluated  for  each 

w 

sample. 

In  testing  a  number  of  samples  to  obtain  K^,  it  was  found  that  a  number 
of  extension-relaxation  cycles  were  necessary  before  the  spring  constant 
would  approach  a  steady  value.  The  sample  stiffnesses  from  the  initial 
few  cycles  were  found  to  be  8%  lower  than  the  following  cycles.  The  stiffness 
of  the  wood  may  also  change  during  the  course  of  a  fatigue  test. 

The  motion  transmissibil ity  T^^  is  dependent  on  the  eccentric  speed 
((jj),  natural  frequency  (do^^)  and  the  critical  damping  ratio  ?.  i.e.. 


1 


Natural  frequency  is  dependent  on  the  mass  (M)  of  the  eccentric  cage  and 
attached  fixtures  and  the  combined  spring  constant  of  the  system  > 

“n  ■  V(K5  +  KJ/M. 

The  eccentric  speed  is  a  constant  60  Hz  (3600  rpm) .  The  critical 
damping  ratio  is  equal  to  the  ratio  of  damping  coefficient  b  and  the 
critical  damping  coefficient  b^  where  =  2  V 

To  find  the  transmissibil ity  either  the  natural  frequency  and  critical 
damping  ratio  must  be  determined  or  the  displacement  at  a  known  cycle  load 
must  be  measured.  The  natural  frequency  calculation  requires  an  accurate 
measurement  of  the  mass.  Direct  measurement  of  the  cage  mass  would  require 
disassembly  of  the  machine,  and  the  results  would  still  be  questionable 
because  of  the  mass  effects  of  the  springs.  The  mass  of  the  cage  was 
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calculated  from  volume  measurements  to  be  14.6  kg  (1.0  slug).  Together  with 
the  spring  constants  of  =  3.5  MN/m  (20,000  lb  f/in)  =  0.18  MN/m  (1040 
lb  f/in)  this  yields  a  natural  frequency  of  80  Hz.  The  natural  frequency  of 
the  cage-spring  system  was  measured  by  providing  an  impulse  (hammer  tap)  and 
noting  the  resulting  motion.  The  vibrations  had  a  frequency  of  85  Hz  to  87 
Hz  which  is  in  reasonable  agreement  with  the  80  Hz  estimated  from  the  mass 
and  spring  constants. 

With  =  60  Hz/80  Hz,  =  .75,  Figure  23  shows  that  2.3  >  T^  >  2.0. 
Assuming  a  critical  damping  ratio  of  ?  >  .2.  To  confirm  this  value,  measure¬ 
ments  were  made  on  the  cage  displacement  with  a  traveling  telescopic  on  a 
venier  stand,  while  the  cage's  image  was  frozen  at  different  points  with  an 
adjustable  strobe  light.  The  telescopic  measurements  gave  a  T^  between  1.1 
and  1.3.  To  complement  these  measurements,  an  accelerometer  was  placed  on 
the  cage.  This  showed  peak  accelerations  of  4  g's  at  a  200  Ibf  fluctuating 
load,  which  at  a  frequency  of  60  Hz,  represents  a  transmissibility  of  1.14, 
see  Figure  23. 

Both  these  measurements  of  T^  are  well  below  the  values  estimated  from 
the  relative  speed  and  damping.  The  presence  of  a  critical  damping  ratio 
greater  than  .2  might  explain  the  discrepancy.  However,  telescopic  measure¬ 
ments  to  determine  the  motion  of  the  cage  with  respect  to  the  eccentric 
showed  a  phase  angle  of  less  than  fifteen  degrees.  This  would  indicate 
that  c  is  less  than  .1,  not  enough  damping  to  account  for  the  lowered 
transmissibility. 

These  measurements  indicate  the  difficulty  in  calibrating  this  equip¬ 
ment  when  it  is  used  with  plywood  samples  with  low  stiffness.  Furthermore, 
such  a  calibration  is  not  absolute,  but  varies  with  the  stiffness  of  the 
sample  which  could  change  during  the  test. 
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Figure  23.  Eccentric  Cage  Motion  With  Plywood  Specimen 


Because  of  the  accuracy  problems  in  the  calibration  of  the  machine 
shown  above  we  believe  a  load  cell  must  be  installed  in  the  head  of  the 
machine  to  measure  precisely  the  loads  developed.  Such  a  fatigue-rated 
load  cell  could  be  installed  with  some  modifications  to  the  machine  in 
future  testing.  Such  fatigue  testing  would  still  be  necessary  to  compare 
with  the  high  resolution  tensile  experiments. 

D.  ROTOR-HUB  FATIGUE 

Of  fundamental  concern  in  designing  flywheels  is  the  long  term 
durablility  of  the  rotor-hub  system  under  the  projected  operating  conditions. 
Tensile  fatigue  strength  measurements  of  the  rotor  material  are  needed 
to  provide  information  on  the  expected  performance  of  the  rotor.  However, 
such  tests  cannot  precisely  duplicate  the  stresses  experienced  by  the  rotor 
during  its  operation.  This  is  particularly  true  of  pseudoisotropic 
rotors  where  there  is  a  continuously  varying  complex  combination  of 
biaxial  tension  and  shear  within  the  rotor.  Of  particular  concern  are  the 
stresses  near  the  hub,  where  the  power  torque  and  imbalance  moment  in 
the  system  are  also  applied. 

Cyclic  Rotor-Fatigue  Experiment  -  A  cyclic  rotor-fatigue  experiment  was 

originally  proposed  to  test  the  durability  of  light  rotors  under  actual 
operating  conditions.  The  original  concept  proposed,  was  to  cycle  two 
rotors  by  transferring  the  energy  from  one  to  the  other  through  a  Contin¬ 
uously  Variable  Transmission  (CVT),  i.e.,  one  rotor  would  be  brought 
up  to  speed  independently  with  a  motor.  The  input-output  ratio  of  the 
CVT  would  then  be  gradually  changed,  decelerating  the  first  rotor  and 
accelerating  the  second  until  the  minimum  speed  of  the  first  had  been 
obtained.  The  second  rotor  would  then  be  at  its  maximum  speed  less  the 
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inefficiency  in  the  CVT  and  connected  components.  The  second  rotor  could  then 
be  brought  up  to  its  full  speed  with  the  motor.  This  system  is  conservative 
of  power,  highly  efficient,  and  would  have  the  advantages  of  cycling  two 
rotors  simultaneously. 

A  detailed  design  for  such  a  cyclic  rotor-fatigue  facility  was  made 
during  the  Fall  Quarter  of  1978  together  with  six  seniors  and  a  graduate 
student  in  the  Design  Division.  (33)  Over  five  hundred  man-hours  of  effort 
went  into  the  design  and  detailed  drawings.  The  apparatus  designed  is  shown 
in  Figure  24.  The  design  is  centered  around  a  10  kW  (13  hp)  Kopp  Variator 
CVT  mounted  in  a  vertical  configuration  between  two  rotors.  Each  rotor  was 
provided  with  the  appropriate  vacuum  container  and  burst  containment.  The 
power  transmission  train  was  provided  with  torque  isolators  and  clutches  to 
protect  the  CVT.  An  electromagnetic-clutch  and  motor  were  provided  to  power 
the  system.  A  cyclonic  filter  was  provided  to  exclude  from  the  vacuum  pumps 
any  fragments  that  might  escape  the  burst  containers. 

A  large  pressure  tank  was  located  as  a  possible  lower  container.  This 
was  designed  larger  than  the  upper  container  with  a  view  for  providing  room 
for  a  large  full  scale  rotor.  A  large  vacuum  pumping  system  consisting  of  a 
Rootes  Blower  backed  up  by  a  roughing  pump  was  acquired  on  loan  from  another 
department.  This  could  handle  the  amounts  of  water  potentially  anticipated 
from  wood  rotors.  There  was  some  indication  that  the  CVT  would  be  donated 
to  the  project.  A  more  detailed  estimate  was  made  of  the  cost  of  construct¬ 
ing  and  installing  the  system  based  on  the  design  drawings  completed. 

Upon  reviewing  the  design,  the  projected  costs,  time  and  personnel 
requirements  with  the  project  administrators,  it  was  decided  that  there 
were  insufficient  funds  for  such  a  project,  and  that  it  required  considera¬ 
bly  more  time  and  effort  than  were  available  considering  the  other  project 
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Figure  24.  Dynamic  Dual  Rotor  Fatigue  Apparatus 
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tasks.  Furthermore,  it  was  found  that  the  vertical  axis  topp  Variator 
was  not  readily  available  though  designs  for  it  did  exist.  For  future 
consideration,  therefore,  the  design  for  the  CVT  should  be  modified  to  a 
horizontal  configuration  as  shown  in  Figure  25.  This  configuration  would 
provide  the  advantage  that  the  vacuum/burst  containers  could  both  be 
underground,  providing  greater  safety.  This  would  require  two  additional 
right-angle  gears  which  could  be  used  to  step  up  the  CVT  shaft  speed. 

The  original  design  would  have  accommodated  full  1.5  m  (5  ft)  wide  rotors 
which  are  potentially  possible  considering  the  1.5  m  square  birch  plywood 
commercially  available  from  Europe.  This  could  be  reduced  by  half  to 
reduce  the  vacuum-container  assembly  and  installation  costs  while  still 
providing  credible  rotor  tests. 

Pseudo  Cyclic  Rotor  Fatigue  Experiment  -  In  re-evaluating  the  project 
and  the  original  goals,  it  was  concluded  that  the  primary  requirement 
was  to  obtain  data  on  the  durability  of  the  hub-to-rotor  bond.  To 
obtain  such  information,  it  was  decided  to  attempt  to  modify  an  existing 
flexural  fatigue  apparatus  to  simulate  the  combined  effects  of  the  imbalance 
moment  on  the  hub  together  with  the  cyclic  torque  due  to  accelerating 
and  decelerating  the  rotor.  The  major  disadvantages  of  this  approach  is  that 
it  does  not  include  the  effects  of  the  rotary  stresses  induced  in  the  rotor. 

The  schematic  design  for  the  dual -mode  fatigue  apparatus  is  shown 
in  Figure  26.  The  effect  of  imbalance  in  the  rotor  is  to  apply  a  moment 
to  the  shaft  in  the  plane  of  the  imbalance  (assuming  the  rotor  is 
spinning  considerably  above  or  below  the  fundamental  transverse  resonance 
speed).  This  is  potentially  the  greatest  cause  of  failure  next  to  the 
rotary  stresses.  The  cyclic  torque  is  applied  by  connecting  an  electrically 
driven  rotating  weight  to  a  lever  arm  attached  to  the  tube  connected 
to  the  hub.  Lever  arms  were  used  to  multiply  the  applied  forces  for  both 


73 


MOTOR  DRIVE  CONTROLS 


74 


Figure  25.  Modified  Dynamic  Dual  Rotor  Fatigue  Apparatus 
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Figure  26.  Hub-Rotor  Bond  Fatigue  Apparatus, 
University  of  Minnesota,  1979 
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the  moment  and  torque  to  enable  reasonably  sized  weights  to  be  used. 

3 

The  torque  that  can  be  transmitted  by  a  hub  of  radius  Rp  is:  T  =  TrxRp  /2 
=  479  rNm  (42.4  x  in*-lbs)  where  the  maximum  shear  stress  allowed  x  is  given 
in  kPa  (psi)  for  the  12  mm  (6")  diameter  hub  in  question.  Even  with  a 
nominal  276  kPa  (40  psi)  applied  shear  stress,  the  hub  could  transmit 
191  kNm  (141  ft-lbs).  At  a  rotational  speed  of  523  rad/sec  (5,000  rpm), 
this  results  in  a  power  transmission  capability  of  100  kW  (134  hp). 

Typical  residential  applications  require  only  one  tenth  of  this.  Thus 
the  design  can  be  left  very  conservative  or  the  hub  could  be  reduced  in 
di ameter. 

A  300  mm  (12")  diameter  plywood  disk  is  bolted  between  19  mm  (0.75") 
steel  plates.  The  front  plate  has  a  250  mm  (10'  )  hole  cut  in  it  to  allow 
strains  to  develop  around  the  hub  while  still  rigidly  clamping  the  plywood. 
Hub  plates  153  mm  (6')  in  diameter  and  12  mm  (0.5")  thick  are  attached 
to  the  plywood  according  to  the  hub-to-rotor  attachment  method  being 
tested.  This  is  then  bolted  onto  a  corresponding  disk  to  which  is  applied 
the  torque  and  moment.  LVDT  extensometers  are  connected  to  the  ends  of 
the  moment  and  torque  arms  to  monitor  the  strains  and  creep  which  are 
magnified  by  the  relative  lengths. 

The  apparatus  has  been  constructed  and  a  few  hub-rotor  combinations 
tested  to  check  out  the  machine.  Detailed  testing  on  this  equipment  could 
be  performed  during  subsequent  programs. 

E.  ROTOR  DRYING  RATES  AND  METHODS 

The  hygroscopic  nature  of  cellulose  and  its  shrinkage  or  swelling 
with  moisture  changes  is  a  fundamental  property  that  must  be  taken  into 
consideration  when  assembling  such  rotors.  If  the  disks  are  equilibrated 
at  ambient  conditions  of  around  50%  relative  humidity,  the  material  will 
contain  around  8%  to  10%  moisture  content.  If  the  disks  are  bonded  into 
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a  rotor  and  then  placed  in  a  vacuum,  the  outer  surfaces  will  dry  rapidly 
and  shrink.  It  will  take  quite  some  time  for  the  moisture  in  the  center 
of  the  rotor  to  diffuse  out.  This  results  in  the  outer  surface  material 
shrinking  much  faster  than  the  center  causing  the  plies  to  separate  around 
the  edges. 

To  solve  this  dual  problem  of  splitting  due  to  unequal  shrinkage,  and 
of  the  long  time  required  to  dry  a  large  rotor,  it  is  necessary  to  dry 
the  disks  before  they  are  assembled  into  a  rotor.  Similarly  the  veneers 
must  be  dried  as  much  as  practical  and  adhesive  chosen  for  minimum  moisture 
content  when  the  thin  disk  material  is  assembled. 

The  corollary  of  this  splitting  problem,  is  that  if  a  dry  disk  is 
placed  in  a  humid  environment,  it  will  rapidly  absorb  moisture  on  the 
outside  which  will  swell,  causing  the  plies  to  separate  in  the  interior. 

A  dry  rotor  must  therefore  be  kept  dry.  One  approach  to  this  problem  is 
to  coat  the  rotor  with  a  hermetic  epoxy  coat  such  as  has  been  developed 
by  boat  builders.  (10)  Such  a  coat  may  also  be  useful  in  minimizing  the 
rate  of  removal  of  moisture  or  volatile  chemicals  from  the  rotor  while  in 
a  vacuum.  This  could  minimize  the  pumping  requirements  and  possibly  permit 
periodic  pumpdowns  if  hermetic  rotor  containment  is  desirable. 

The  rate  at  which  moisture  can  be  removed  from  a  rotor  or  disk 
affects  the  pumping  requirements  and  the  drying  costs.  Moisture  loss 
has  been  assumed  Fickian  or  gradient  dependent  by  most  reports  in  the  literature. 
(34)  There  is  some  controversy  as  to  whether  the  diffusion  is  dependent 
on  the  moisture  content  or  vapor  pressure  gradients  and  if  this  is  valid 
for  bound  water.  (35)  Some  preliminary  data  from  one  experiment  showing 
the  rate  of  moisture  gain  of  a  vacuum  dried  plywood  cylinder  when  subjected 
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to  a  moisture  saturated  environment  is  shown  in  Figure  27.  An  approximate 
relation  which  is  valid  for  short  times  (t  <  0.2)  for  the  fractional 
change  of  moisture  content  E  (relative  to  the  final  asymptotic  change) 
is: 

E  =  2.26  Vt  -  T 
where  the  reduced  time  x  is  given  by 

T  =  tD/R^ 

for  time  t,  diffusion  coefficient  D,  and  cylinder  radius  R.  Fitting 

2 

the  data  to  this  equation  gives  a  diffusion  coefficient  D  of  .033  mm  /min. 

The  corresponding  general  equation  is: 

E  =  1.0  -  1.60  +  1.07 

exp(5.76T)  exp(30.6T) 

Further  detailed  measurements  are  needed  of  the  diffusion  coefficients 
and  to  check  the  validity  of  these  equations  for  vacuum  drying  of 
cylinders  of  finite  length.  Similar  studies  are  needed  of  the  effects 
of  shrinkage  or  expansion  during  moisture  changes,  and  of  coating  the  rotors 
with  epoxy  sealants. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  scalloped  band  hub-rotor  attachment  designed  appears  to  be  potentially 
more  durable  and  have  less  damping  than  the  elastomeric  interface  method  of 
attaching  hub  to  rotor.  A  parametric  and  experimental  study  of  this  system 
should  be  made  to  evaluate  the  effective  vibrational  characteristics  and 
durability  of  this  design. 

The  alignment- type  balancing  methods  appear  promising  for  high  performance 
pseudoisotropic  rotors,  as  well  as  wound  rotors,  in  eliminating  the  need  to  add 
or  remove  mass.  The  self-centering  dynamic  balancing  apparatus  designed  should 
be  easily  constructed.  Its  capabilities  and  sensitivities  should  be  further 
explored. 
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The  economics  of  cellulosic  rotors  are  very  sensitive  to  rotor  design. 
Rotors  made  of  superpaper  wound  around  a  Tanguile  plywood  core  appear  to  be 
competitive  with  similar  rotors  made  of  steel  hose  wire,  particularly  at 
lower  container  costs.  Further  comparisons  of  these  two  systems  should  be 
made  with  commercially  realistic  costs  of  containers  and  rotor  assembly. 

This  sensitivity  similarly  suggests  that  the  comparative  economics  of  con¬ 
tainers  and  plywood  rotors  or  cores  should  be  re-examined  as  a  function  of 
the  densities  and  strengths  achievable  by  compressing  them  during  manufacture. 

Measurement  of  the  drying  rates  of  plyv;ood  disks  and  rotors  appears 
straightforward  with  the  appropriate  equipment,  based  on  preliminary  measure¬ 
ments  of  miniature  samples.  Such  drying  rates  and  the  consequent  outgassing 
should  be  quantified  to  evaluate  the  costs  and  pumping  requirements  involved. 

The  observation  of  warping  of  hexagonal  plywood  strips  on  drying  (which  is  not 
observable  with  symmetric  conventional  plywood)  suggest  that  internal  drying 
stresses  may  be  significant  and  should  be  examined  further.  Plywood  for  rotors 
should  therefore  be  assembled  as  dry  as  possible  and  stored  in  a  dry  atmosphere. 

The  tensile  tests  performed  provide  initial  data  on  the  statistical  dis¬ 
tribution  of  the  material  properties  that  is  necessary  for  cellulosic  materials 
to  be  used  as  engineering  materials.  Commercially  available  birch  plywood 
could  be  used  for  rotor  cores,  but  has  a  large  distribution  of  strengths. 

Careful  quality  control,  combined  with  material  screening  using  nondestructive 
methods,  are  needed  to  narrow  the  broad  distribution  of  strengths  seen.  Some 
reduction  in  strength  was  noted  on  vacuum  drying,  comparable  to  the  standard 
deviation  of  the  strengths  measured. 

Hexagonal  yellow  birch  plywood  custom  made  commercially,  demonstrated 
narrower  property  distributions  (7-14%)  and  double  the  effective  strength 
in  the  region  bisecting  the  grain  direction  of  adjacent  plies.  Rotors  of 
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such  plywood  appear  feasible.  There  is  some  correlation  between  the  density 
of  the  material  and  its  strength.  Thus  the  intrinsic  specific  energy 
(strength  to  density  ratio)  shows  a  narrower  distribution  than  the  strength 
alone,  and  is  the  critical  design  parameter  to  be  defined. 

Proof- testing  materials  to  above  the  use  requirement  should  be  used  to 
verify  rotor  performance  and  eliminate  the  inevitable  lower  portion  of 
strengths.  The  most  economical  design  level  and  proof  test  level  should  be 
made  a  subject  of  further  study.  Lower  cost  materials  with  comparable  per¬ 
formance  and  fewer  defects  (such  as  Tanguile)  should  be  studied  along  with 
assembly-line  production  techniques  to  improve  the  economics. 

Attempts  to  calibrate  the  cyclic  fatigue  apparatus  when  testing  plywood 
samples  indicated  that  each  sample  would  have  to  be  individually  calibrated 
through  a  number  of  cycles  to  quantify  the  transmissibil ity  of  the  equipment. 
Furthermore,  this  may  change  during  the  test  beyond  the  limits  required  to 
obtain  statistically  valid  data.  Load  cells  and  extensometers  need  to  be 
added  to  the  equipment  to  permit  quantitative  testing.  The  temperature  of 
the  sample  should  be  monitored  and  the  results  compared  with  constant  load 
fatigue  tests. 

The  pseudo  rotary-dynamic  rotor-hub  fatigue  testing  equipment  designed 
will  be  ready  for  use  after  a  few  minor  modifications  are  made.  The  dynamic 
rotary  cyclic  fatigue  equipment  designed  to  test  two  rotors  simultaneously 
could  be  readily  modified  to  use  a  horizontal  transmission  with  the  two 
vertical  axis  containers  placed  below  ground.  This  modified  design  should 
be  considered  in  the  future  for  testing  of  prototype  rotors  when  they  are 
sufficiently  developed  for  operational  testing. 
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APPENDIX 


CORRECTED  FATIGUE  TESTER  LOADINGS 


K  -  effective  spring  constant 
^  of  wood  sample  Ibs/in 

K  -  combined  spring  constant 
^  of  preload  springs  Ibs/in 

M  -  mass  of  eccentric  cage 
and  attached  fixtures 

F  -  cyclic  load  due  to 
®  eccentric 

-  cage  displacement 

AX  -  preset  constant  preload 
^  spring  extension 

X  -  preload  spring  length  at 
^  relaxation 

Fp  -  preload  force 

F^  -  force  on  springs 

F^  -  force  seen  by  wood  sample 

Ffflx  -  maximum  sample  loading 

F^„  -  mean  sample  loading 

F  -  minimum  sample  loading 
mn  r  j 


The  loadings  seen  by  the  fatigue  sample  are  dependent  on  the  loadings  and 
extension  in  the  system.  The  following  calculations  initially  assume  no 
damping  which  will  be  considered  later. 
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The  maximum  force  on  the  sample  is  the  sum  of  the  alternating  eccentric 
and  preload  forces. 


F 

mx 


F  +  F 


p  a 


(1) 


The  preload  spring  extension  is  kept  constant  even  with  sample  extension  and 
creep.  The  minimum  force  on  the  sample  including  the  eccentric  and  cage  motion 
is 


F  = 
mn 


K  ) 

to 


(2) 


Subtracting  (2)  from  (1)  we  have 


F 

mx 


where 


F  =F  +F  -(F  +X(K-K)) 

mn  p  a  ^  p  s  to 


=  (l-C)F, 


mx 


Rearranging  (3)  we  have 
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(1-C)  F, 


mx 


F 
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to 
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(3) 

(4) 

(5) 


Introducing  the  motion  transmissibi 1 ity  T 

where  T  =  X/F/K  we  have 

'a  =  T{F^/(K3  .  KJ) 

The  transmissibil ity  T  is  dependent  on  the  natural  frequency  and  the  critical 
damping  ratio  as 
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where 


natural  frequency 


=  operating  frequency  =  60  HZ 
=  critical  damping  ratio 


equating  the  two  equations  for  X  we  have 


F.  =  T 


"  ^w> 


1 1  •  ('  - 


F  =  F  -  F, 
p  mx  a 


F  =  F  +  k 
av  p  s  a 


'mn  =  Fp  +  (kg  -  k^)  X^ 


F  =  F„  +  F^ 

mx  p  a 
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